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PREFACE. 

> 

This volume, like the previous one, embodies the Lect\>*es on the subjects 
(^ealt wijj|h as given at the Univ'crsity of Glasgow. It was intended to have 
completed tho-wubjcct of the title of the hook, Design and Construction of 
Ships, in iwo vtdumes, hut the rapid growth of vnatcrial which should be 
included in the subject and the decline of available time to devote to such 
work have^ together delayed the completion of it, and have made it 
desirabl'v at this stage to publish a second volume. The parts of the subject 
included in this voluriio arc Stability, Resistance, Propulsion, and Oscillations 
of Ships. ' 

In shijx forms the determination of Stability is usually made by methods 
of calculations similar to those explained fully in Volume 1. To these methods 
many persoi^s have contributed, but probably few will be disposed to grudge 
to the late Mr,F. K, Barnes the ho^uour of having laid securely the founda* 

’ which Sir William AVhite, SiP Philip Watts, and others have built 
up our very complete mastery of this subject. The methods at present used 
are! very different to Uiose used by Mr Barnes and his coadjutors. The intro- 
duction of the planimeter, the integrator, and the integraph, calculating 
ludtrurpents invented by Anisjer and Coradi, has broadened our grasp of 
this subject by niaking easy the calculations upon which Sir William White 
and Sir Philip Watts a >4 ot'icrs in {heir early days spent many weary hours. 
These instruments hr.we made it possiWr to nave stability calculations made 
by a much less If ighly skilled class of calculators. Thaanthor remembers with 
much pleasure the ease with whict*, at Clydebank, Mr Archibald Campbell, now 
at Feri’ol, J^r Jonn Paterson, Naval Architect to Messrs John Brown & Co., 
agd M* A. W. Stewart, Electrical Engineer, and others, tjien lads fresh 
from school^ used Amslcr’s integrator when it was firjt applied to stability 
caliTolations. 

The purely geomti rical side of the study of stability, that side which 
is connoted with tifieorems, ** a.xid not with actvAxi value&^ ow^ its existehOe i^ 
almost ^completely to the French writer Dupin. Extensions of geometry 
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of stability, ^ve been made from time to time by» other writers.* Methods 
of ^proof ' Ddpin’^ propositions and the later extensions are here given, 

< In n;any cases from the original proofs, bec|U8e #the jnethi^ 
seem^ to th^author better suited* to the purpose of the studenif. Tq^he 
methods of obtaining attual vidiies th% author has devoted considerable 
attention, with a view to producing simple processes which can 4)e used by 
aperators of small experience, afcd with much less labour than* the older 
processes. ^ • 

The work on Resistance and Prd|tul8ion cannot fail to be largely an 
adaptation of tli5*^iiblished work of thof^e who have been fortunate enough 
bo have the use of experimental tanks, fron^ which alone such results can be 
obtained. The work ()f the late Mr Win. Fronde and his son Dr R, hk Froud^f 
has been largely laid under contribution. Some of the acl‘^])tations^ave been 
made by following the of'iginal closely, rather j^han by mi;kiiig changes of 
doubtful advantage to the student. 'I'liis has the advantage of occasioning 
less frequent references to the original text of these ^riters^aiibi^Vantage 
which it is hoped will be of value to students, as the size, cost, and ftaccess'^ 
bility of the volumes of the 'IVansactions in which the work originally 
appeared are considerable. The work of Mr D. W. Taylor of tfhe ^Xmerican 
Navy, read before the American Society of Naval Architects, has Ifci’goly been 
used in a similar way, but since this volume has been in type a valuable 
collection of his work lias been published. Professor Sadler’s work in the 
University of Michigan on Resistance ftf full forms (read &lso before the 
American Society of Naval Architects), and that of others, has^oeei’i aIsc^ 
gk’en. Messrs Denny of Dumbarton have from time to time given the autlg^r 
information as to the Resistance of specitic forms, and in some cases the 
information is embodied in Chapter XIV. in diagrams, giving for each of a 
series of speeds the H.P, required to^irive any required displacement. < 

Propulsion has, by tlie gracfital inewase^of rev^ilutions of engines, become 
one of the most importint subj^its in SIfip Conlbruct'ion. TJie experimental 
work in connection with the determination of Resistaficeiias been in advance 
of that of last forty years, but now theyVre nearer than 

ever to being abreast of each other. This is due to the work of Dr R. E. 
Fronde and Mi- D. W. Tuylor, and to Messrs Denny, whose workhs none the 
less rea^ and Hiluable though it^cannot be exactly appraised, as much ^,f4i 
has not been publish eC. 

The work Ogfiifiations -of fc>lnps'*is in the least fully rlirvclopea state of 
the four divisioifs of this volume. The leork of the^ilder Fr^ud^ has had 
little of val^-^'added to it since his time. The epoch-making djsco\rry that 
small stability and great steadiness >vere correlated has been acted oi! in all 
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navies. lUie extreme cases with which ho dealt are all that Jia^A 
investigated. They are, first, where the periods of the wave 
fltfe equal, in which case excessive rolling takes place. Second, 
sh^^ period is indefinitely great coinpaj’od with that of the'\.'ave, in wB . 
case the ship remains practically upright. Third, where the ship’s period is 
indefinitely small compared with that of the wave, in which case the ship’s 
mast follows the \Vave normal. The second find third are unreal cases, and 
the first Js very unusual. The intcrme^jMc conditions 1)«>"0 not been in- 
vestigated tin oreti cal ly, though at sea^iiany of them diavo been practically 
experienced in all kinds of ships. ^ 

To Mr A. Cannon, Assistant in the Naval Architcclure Department of 
this University, the author Is indebted for assistance in the collection and 


eorrecth.n U 13 Lectures on which a considerable part of this volume is 
based, ana for the correction of the proofs, and for some valuable 
sug('estionfcr.- 

Kegrets arc oficrct’ to those who may have been good enough to have 
evpoctcd that this volume would have been issued sooner, and that it would 
have completed the work on tliis subject. 

* The w?,rk on Design lias proved to be much more voluminous than was 
expected. It is an elusive subject. Types of ships vary from year to year. 
The kind of knowledge accumulated and stored iu the first two of these 
volumes is increasing rapidly, but its application to Design not only causes 
additions to our ^knowledge, but produces changes of type of ships and im- 
provp;i''ert5’ in results which make the wisdom of a few years ago the folly 
of to-day. Much less help can be given by others to the student in matters 
of Design than in othpr parts of the subject. He can only become a corii^ 
petent designer by making designs ; and while theories and data can be given 
to him, their application can oijly be his own work. An attempt, however, 
will be made in the next volume,, to j)ut so,Mie infoimation and examples 
before the student to wLich Tic may refer fo” assista nce at present, but to 
which in the future ’ e will probably lo..ii back with' the same reverent or 
irreverent feelin^h as we look back upon the work qj c’-.....;;iTCfijRcessors. 

To those llevicwers who noticed the first volume the Auth6r is grateful 
for the unifwmly kind. Way in which it was rjiceived. 


JOHN HAEViiRD BliES. 


Manh 1911. 
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THE 

DESIGN AND CONSTEUCI^ION 
OR SHIPS. 


PART IV. 

STABILITY. 


CHAPTER 1. 

RIGHTING*ARMS AND MOMENTS. 

In Part II. Vol. 1. the metliods dl finding vohinies and centres of gravity of 
solid^iave been discussed. In this chapter it is proposed to consider fully 
the action of the forces .upon a ship wJien at rest in still water, and when 
slightly disturbed from this position of rest to another position. 

Ihf^fig. 1, suppose H to be the centre of g»;avity of the volume of water V 
displaced by the ship SS8 (called the centre oLrbuoyancy, or and 

suppose G to be the centre of gr.:^^'Ty c;f th? whole of the lijaterial in tV ship 
(called the C.G.). At rest, Pi'ie weight in^ay be con jidcred as concentrated at 
G, and the buoyancy or 8?Ipporting force af'B. ^he freight and buoyancy 
fo!’ces are eipial and^pposite, and act vertically in the same line. 

Suppose that some force E, whose point of application tlie 

vessel until she is again at rest in the position shown by the dotted 
section S*S^Sho « ^ y 

The point) G will move to G^ the same posiGon relatively to the structure 
w and the volume displaced will prdh},J)ly be of a (iifiert>it fonn lo 

jkhat in the* upright posit’on. J 

If the “force F displacing f'zz ship from its upright positron ofo rest be 
acting in some direfistion, say A other than horizontal or vertical, we may 
resolve it hy the ^rallelogiam of forces^ into horizontal and vertical components 
Fh and Fy respectively, acting iH 1) b and C b. The Vertical componv’^t will 
cause an in^ease of volume of water displaced equal in weight to this vertical 
VOL. 
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*1 

co^po^^t. The centre of gravity of this increase of volume may niot act/ lH 
the same’ vertical lino as the vertical component of the applied force, i 
-If WL,be the position of tlie waterline in the vessel when she is weight, 
’^nd be* the position of this same line when th(j vessel is inclii>od, and 

be the water surface in ))Oth eruiditions, we may Vait off fi;obQ/the ship 
a ^oluifie below equal tutlic increase of volume which the vertical 

component Fv causes to be displaced. The horizontal component Fh will tend 
to move the vessel bodily to the right, and nnist be resisted by some force 
K in order that there shall be ecjuililu'ium. If this force U be resolvable 
into vertical (.t''d horizontal comjionents lly mid lb, respectively, the former 



> I t 

Fio. 1. 

must be treated in the same way as the vertical component of^he applied 
force., LetW.li be the waterline parallel to W, l^i wliicli the resultant oi 
Fv and llv'cuts oil’ in volume. If its centre of gravity is at </ we shall have ii 
couple formed by the force Fy and the leverage (/ /i and lly with leverage 
tending to overset the ve', sel. 

^ The fofeo li,i must be equf I to F„ or the vessel will move bodi^ . Thji 
force R„ will fotm a couple with h',,. Us moment will.he F,|/>. The weigljj 
of the s|up will ’iiet downward through (lb io>d the buoyancy, equal ip amouir 
to tlie or[ginal buoyancy in the upright condition, will ect upwards througl 
Bj, the centre of gravity of the volume belo\\ tlri line W.xU, which volume 
is the same as that in. the upright eoiiditio... These two forces, the weigh 
and .tMioyaney, form a couple \V. Z ; W being the weight of tin ship. , 
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^ If' the point Bj is to the r^ht of the couple tends to bring the ship 
)aol. to the upright, and vice versd. We have thus the following couples in ' 
he figure as dravwi. . • 

1. An i^psetting cjjfiple due to Vy and 11^;^ and the buoyancy of the layer,'*. 

2. ,, ,, l^H = 

3. A righting couple ,, W =Wx(i^Z. 

i there irV equifibriii in, tlic algebraur sum of the!g.‘ must be = zero. 

The case may b • simpliiicd by assuming that both the amilied force F 
ind the resisliiig force It act horizontally ami are e»jual, ar consequewce, 
he volume of (lisj'laeement remains unehe aged. For eipiilibryim, the value 
iV. GZ must equal ilif moment b. /> of the inclining force. Thi.f value varies 
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with the angle- of inclination, afi% whftn kmnvn fjr all a^les it is* ^^jssible 
bo determine the augli* at wfi id ^ ecjiii librium will *xist for a known inclining 
moment. Witli a fixed posTtlou of (1 the profllom becoiftes one of finding the 
phsition of for af given imdination. This would be easily done were the 
volume of displacement at a given angle determined. *Wc iroiight 

bo be, viz. the same Abi the upright position, but to know exactly whore the 
waterline is tint wMlcnb,ott’, at a given inclinj^ion, a given displacement, is 
not so easy, t Turning to iig. 2, suppose AV aid Wj Lj to l>e the positionsjn 
the b^S^of such a waterline in the ujiright a^d inclined positioiw, the angle 
»f inclination Being ^.f The volume W K^li = AV, K - V the volume of 
displacemeAit. \Vj K L is comiir.m to AA^ KJj and AA'^K L,, so tliat • 

WFWj = V~AV,KL 
^L^FL 
s=:v, say. 
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V is the volume of the wedge of emersion or submersion, therefore 
the wedge of eutersion W F Wj is equal to the wedge of submersion L F L^, 

If is the cc*ntre of buoyancy of the volume Wj K Lj, tl^n V. G Z \iill be 
the** moment of the buoyancy causing the vessel to return to the upright 
This (juant^ty V. GZ is expressed in units of weight, eaA equal te tMe weight 
of a unit t f volume. This n^oment ic called the righting moment, and is the 
measure of wbat is known as the stability of the vessel at the particular angle 
of inclination B. 

If the vessel l)e of sucti a form that all waterlines cutting off equal 
volumes pass^ 'i,'„;;;]ugh the point (), it will he easy to find the eiact form and 
position of the centni of gravity of a volume of the solid which has constant 
displacement V. But generally this is not so. The wnterline U, cuts off 
from the upright solid a wedge \V(>W^ = say v^, and adds a wedge LOL., — 
say v^j,. Th(‘ volume W , K Ij. then eipials V- c, and this is (as drawn) 
in excess of V liy the layer \V., W, B, -= say A.K (where A is the area^of 
the waterline W , 1^, and K -^-OO,). , , ' 

Hence V - e, + e, = V + A.K j , 
e., - e, = A.ii. 

Hence the volume of the layer i h, B, (knowu as the correcting layer) 
is e(]ual to the difference of the wedges and -j’j. ' If we know^this volume 
A. K and find A, we can find K, which will enable us to determine the true 
position of Wj B,. It is evident that we may find the volumes and % and 
the value A by the methods (.)f previous chapters. . 

Had been greater than W, B, would have been al ^ B.^ instead j 
of below it. 

We can also find the position of B^ Sup])ose, in fig. 3, //j and ff., to be the 
centres of gravity of the wedges and ?>., respectively. Join (/^ g., and drop 
perpendiculars f/, //j and upon W.^ B.,. Take moments of volume about 
the line 0 H drawn perjiendicujarlj to B,. B B is horizontal and perpen- 
dicular to OH. 

Starting with the volume V and moment V. B B we first take off' Cj with 
the moment -I'l 0/ij, then add c., with moment 0 4.,, and finally t?*ke off’ 
W.j Wj Bj Bo with moment (e.^ - i\) O r, c being the foqt of perpendicular let fall ® 
from (y the centre of gravity of the correcting layer upon Wo B.,. The result 
of these changes is to leave us wvih the volume \ ( = ^^\ K B,) and its moment^ 
about OH, viz. V.BK. ^ Kx pressed as an equation, treating moments which 
turn c ^ the liancjs of :i. watch as posili^ and reductions of volumes as 
negative, we hav(‘, ^ ^ 

VBB - C,o//j - - (c, 7'j )()('= -VBlv I 

, V{BB^-tBB)--^VBR-r,o//j + cy>//, + *(7^^^ . . (1) 

Taking moments about B B, 

V(l!,U) = y>,(</,/(, + ur*)- J -(-(.O - fJCOl'-Cf]) 

^ I " - 1 0c(!), - >r,.) (2^“ 

* This sign will' bo -j if Lho oxeo.sa of volume ctf one wedgetovyr the Otiier belongs to tli* 
qjposito sale to ^v^^ch the C.(i. of corrocling layoP'-nein relation to OB. It' ia* generally ^ 
•emembered J)y the exiaessio/i “ liko .sides give iiogativo.” This m^ans that if the volume 
.8 a subiuergod excess with the C.(i. of the connediing lay^i on the submerged side of the 
3P the sign will be negative. Similarly, an ^!mergt*^i excess on the emerged*^ side wilB’be 
[legaibv. The other two combinations will give a positive sign. 

t a^us sign is always negative. 
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^ence w^ettnay at once fini the position of B laterally and’ vertically if we 
knoV the jMJsitions of ^/j and //.^ and the volumes ??, and e.,. 

Blt-nN +NU = B(J sin ^ + (;z 
BH - fiO sin 0 — 

V.BU - V.Bii sill <9- V.t;Z 

+ vj)h, I- {v, - - V.B(i sin 0 - V.(iZ. 

To find the ])osition of P>, vorticall\' wo havoisimilarly 
• "i-///''! + ~ ■' V r»iB. 

A partieulai case of this e«{iialion for V. Z is known as Atwood’s formula. 



” 1 • 

It is obtained by (Tirect estimation, ;¥s Atwood Tibtained it, or by substitu- 
tion in the equations (1) and (2) of v = v^ = when wo7jbtaiii 



V.BU = v(oh^ -f- oA.,) “ v.h^h,. 



then 

y.(iZ = v.AjAo - V.B(ir sin 0 

• (3) 

or 

UZ - BG sin^ . 


• (i) 

• 

mnd • 

f B|U = ’ 

• • 

• 

• (5) 


B M from AAwood’s Formula. — Suppose* 6 to be smalC and the 
%prtical througli^B to iiA*rse5t tfie vertical through B^ in the point M (fig. 4). 

f * 

i"rZ = (iM sill ^ = sin 0 from (4). 
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Suppose 0 W or 0 L represents y, the half ordinate of the load waterliife, J , 
For a Biuall •ingle, the areti of the small triangle LOL^ is represefited 
by J 0: If we suppose this triangle to have a small thickness doS io. ^ 
direction perpendicular to the paper, we may expref:j the volipne of the . 
wedge by t * * * 

J o*" 

the limits for j- being from z^ro, up to L, the length of tlie waterplane. 



Tlie moment ol this elel aent of volume abput ^ is x gy — ly^O, and the 
moment of the trajisfereuce of the nedge e ih 

J o "' 

f ’> fi j'l' 

Hence .u.iy write (JM sin I r/^A-c - IKb sin B. 

V J ()' 

If B is small, sin B = B 


and 


1 •>/'■ 

(Jij= /.(/.r-BG 




dVjo., 


a ^ * 

Tl:i^* point M is known in sliipsliape forms as the metacentre. It has 
been -folly defined in Chapter IX , l‘art 11. 
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si f-<i^ 

This expression is BM - ‘ • 

^ '*1 * 

We Ha^ seen that this expression g j is the form of expression for 

the moment of inertia about 0 X of an area in tfte plane X Y and symmetrical 
about the 0 X^xis. 

Novv^thc axis of 0 X is in the direction of tiie length of the form, that is, 
it is perpeu^liciilar to the plane of the paper, and the y ordinates are the 

ordinates like 0 L. Therefore ^ ^ //\dr is the moment of inertia of the whole 
waterplane AV () L about an axis through 0 in the direction oY the length. 

Mling .‘i j /*\d.r 1, 

• • I 

wejiavv' IbVI 

wp obblSn u seiic^ ol valuds of (i Z for a series of angles of inclination 
and a given displacement^ wo may set oT the results in a graphic form thus : — 



DEGREES OF INCUNATION . 
Fig. 5. 


This curve is known as a Curve of Righting Arms, or more commonly a 
Curve of Statical Stability. Wii^may cal^ it a curve of (tZ’b for constant 
displaccmefit and constant jiosition of C, and for varying angle of heel. 

Suppose we have three axe,'. )at right ^angles ip oachtithcr, as represented 
in fig. 6. Suppose* at eaclisvalye of V fpr which ’fe have fi curve of stability 
(with a constant position ttr(i) wo set up th^ curve of {*tafical stability. It is 
Evident that it is /inly nece.ssary to have a series of curves for a sufficiently 
large number of values of V to make a surface of statical stability# If we 
out this surface by a plane parallel to the plane through /(7Y such as in 
Pj P^ Pg, the jturvoiP^ I’^Pg will be one of C ZV^or varying displacements and 
constant a»gle of heel (measured by 0 h). /f by an independent process of 
calcilr&lion we could obtain a series of curves mich as Pj Pg Pg we^could obtain 
the samo.8urfjftje of statical stability as that obtained hy tfie series of curves 
of stalic^ll stability (or curve? of C Z for ^constant displacBment ayd varying 
angle of heel). Sucli curves as^Pj P^j arc called tJross Curves (^f Stability. , 

• The /iiffereiSce hctw^ctn a curve of stability and a cross curve of stability 
is that the former is a curve (I for constant •displacement and varying 
inclination, while* the latter is for varying displacement and constant^nclina- 
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tion. Ill the surface above dealt with it is assumed that 0 i*: unchanged 
in position. %, ^ 

For each position of (» tliere will bo a separate surface ot statical stability.- 



Suppose we have a known form of ship at a oiven inclination, and find 
for a waterline W, L, (Hg. 7) the voU:me of displacement and the position 



of C.B., say Bj, by any of the methods described i*. 'an earlier chapter. lit 
is evident that we have only to find V., and V, and Bg, etc. for other water- 
lines L 2 , Wg Tig, etc. in order to be able to obtain a curve Bg '^orn which 
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can deUrmine such a curve as 1'^ Pg Pg (fig. 6). If we find a series of such 
cA-ves for a series of angles of inclination, we can coniplq^^ely determine the 
surface of statiuiil stability for a known position of the C.G. of the ship. For 
every position of th» C.G. there will be a separate surface of stability, but 
they wiil%ll be fountled on the positions of tlic C.B.’s for the different volumes 
and angles of inclination. Hence iUis dosir%J>le to find the Utli.'s for all 
volumes and all angles of ijiclination, and then surfaces of statical stability can 
be found for’dotermined positions of G. 




I N. 

Hence we see that the determination of the stability resolves itself into 
finding volumes ar.d (Ml.’s of volumes, and in all cases be dealt with by 
the methoi?.s described in Part IT., or sonuj nndifications of them. 

Sltetacentric Evolute. — In fig. 8 let Yj be the position of«.thc centFe of 
buoyancy in Hie upright. Let B, be the position of the centre of buoyancy 
after Hid vessel has been inclhied throug^i an angle 6. * * * 

Let B.j be the^position of B^ifter the vessel has received a Lather inolina- 
etion through a^i angle ‘cfH. ^ 

Hraw tlie verticals BG, B*M 3 , and B.jMj through the points B, B^and Bg 
respectiv^fiy. • 
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If the vessel is symmetrical about the midship section, i.e. if it is doubW- 
ended and the vestel bo inclined about a fore and aft axis, fixed only in direo- 
tioQ, the centre pf buoyancy for all transverse inclinations will lie in the midship • 
section, but if the ends are not symmetrical, tliere m*^ be a tendency to 
change trim^when the vessel is inblined. The verticals through tffie^jcntres 
of buoyaiic 5 J corresponding tot two comKic.utivc positions may not intersect, 
but they will be in vertical planes perpendicular to the axis of inclination, Le. 
parallel to the plane of inclir^ition. The iiiterseiction of the •frojectiou of 
these two lines in a transverse vertical plane may be called the metaoentro, 
and the locus dVt^is ]K)iiit is called the Metaceiitric Evolute (iig. 9% Mj, the 
intersection on tlio plane of tluj paper (parallel to the plane of inclination) 
of the projectirTi of the verticals through ll, and B, (fig. 8), is a point on the 
metaceiitric evolute. t 

For transverse inclinations it inY(»lves generally only an inappreciable 
quantity if we (tonsider these verti<‘als tS be 'in llie midsbip seetion and tU 
intersect at a ])oint M. Its amount is small, because wi,most forms the 
departure from symmetry aEont the mid section is snn^l.^ 

Later wo shall see tiliat the term metavol is suggested for the locus of the ■ 
intersection of vcrti(!als (or their projections) throngli the ceiitres'of bupyancyi 


111 fig. 8 draw pcrpciidicuhi 
through and B,. 

irs from tin; points ?> and (1 on the verticals 

liCt 


The angle 
Now 




Again, 

II !. 


w - j zM 

»' i • * ' , 

If we have a ciirnc/if I‘, M,’sfor viBiies of in Aorms of 6 we can get the 
curves of P> 11 1 and B^ Hj by integration. Integrating once we get the curve* 
of valuer of : or values of liBj. Integrating tliis curve wai get the curve of 
values of w or Cttlucs of Bj Bj. These three curves arc shown in fig. 10. 

We have seen that V e # 

15, U, 

\ + ctpiation (5), p. 5. 

' J 

P 

t 






But 
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0 G IS distance of C.G. above or below tlie waloiplane W L in tfie uprifftft 
• couditioij. ' 

C.B. below the waierplanc W L in the upright condition. 
UG. above or below the watcrplane W, L, in the 
inclined condition. • / • 


OB 

sa 


SBj 


inclined condition. . - 

C.B. beJpw the.waterplanc W, L, in the inclined 
, . . condition. 

Original d. jtance between G and B= BO + ()() = ]!{j 
bmal distance „ d „ K^ji s + sz = B,Z. 

during thoTnclinSm^ofoif 

Here, sincQ, 11 ,Z is > BO, the di.staiice -(B.Z - Bil) 

VVork done in inclining --W(B.Zi-B (0 /Fur ‘i \ 

And (BjZ - lU;) is tlie (jiiantitj previously denoted by /, 

AC. work done during inclination \vj| * 

Stability ind tlTe’ 

uynamical Curve. The sPitical curve i.s a curve of v,I..c« nf r 7 u 
the dyuaniical cune is;, curve of values of ^ 

We have seen that W jii 7 j.de ^ W’h. 

• •• [gZ.,/6I = /,. 





CHAPTER 11. 

STABILITY OF FLOATJING BODIES GENERALLY. 

lathis will be iiivestifjfated llie stabilities of bodies in general, that is, 

of any form. 

Tt has been seen that l! e displacement of a liodj is eipial to its weight, 
<ifeiici on the assumption that the‘ weight is constant and that the C. G. can be 
suitabfy shifted, tin' lK>dy will iloat in eijiiilibrium in many positions. In 
other words,, iior ('very plane cutting off from the body a volume of the liijuid 
displaced wIjosl weight is equal to the weight of the body, we have a possible 
plaik^ of flotation. For each volume so cut off there will be a centre of 
buoyancy. 

If w'e inui^ine a body to be slowly rotated about an axis through its C.G. 
and fixed in (rurection, but free to move vertically, the body will adjust itself 
vertically so that the w’eight of the displaced fluid will be equal to the weight 
of the body at every point of the revolution. Hence wo shall hav’o an in- 
definite number of jilancs in the body wliicli can be jilaiies of flotation cutting 
off constant volume. Each volume correspond ing to a, plaiKi of flotation will 
liinve a centre of buoyancy. 

When the revolution is <*ompleted, the centn' of laioyaney wdll coincide 
with, that at the beginning of the reA'olution. 

The whole series t'f centres of buoyancy which have corresponded to the 
series of constant v(>lumes submerged during the comjflete revolution wdll 
f6ini a curve begiimiiig and ending at Hie centre of buoyancy in the first 
position. In other words, it will he a closed curve. 

If we now rotate tlie b( 'v aVait anotho’ *axis fixed in direction, but 
otherwise free, as in the il’onuer case, w'c shall bbtain another closed' curve of 
centres of buoyancy which will he difhwcnf to the foi'mfer one if the direction 

* of the axis of rotation he different. We may talic an indefinite number of 
axes, all having different directions ; in fact wai may start with an axis, pointing 
to the north, and take every point of the compass lietwecii north and south for 
the directioutof the axis, and to every diroctie// of axis there will correspond 
a closed oirve of centres of buoyancy. Tht’se obviously will, if taken closely 
enoti-^i, form a closed surfa<*e, which may oe called a surface,^ of buoyancy. 
Hence surface of bimyancy of a body may be defined asj the loci of centres 
of gravity of constant volume cut off ffom the form. '’We may, for con- 
venience, call thii surface of centres of ‘’buoyancy the uovol surface, that is, 

• the Bur<face fo>^ constant' volume and varying inclination. 

bupposc the chosen axis ’’through the centre of gravity to remain fixed in 
directioi>; only/ as before. Also suppose the whole volume of the b(^y to be 

13 ' ^ 
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unchanged, but its weight to be changed gradually from nothing to 
weight of its wh(Je volume of the liquid in which it is immersed. In othfe 
words, let the body be at first without weight, just touching tb,e water surface, 
and be gradually increased in weight until it is just CQjnpletely submerged, 
change of position taking place onJy in a vertical flirccticti. To eadi*volume 
submerged iJicre will correspond a cent, re of buoyancy ; and if the volumes 
cut off be ^^akon closely enough together, these centres ‘of buoyancy will form 
a curve, beginning at tlie tangent ])lane of the point of no iiiimersion and 
ending at the centre of buoyfincy of the whole solid. This curve may be 
called an uocfitu'^txud may lx* <l(‘fined as the locus of centres of buoyancy 
corresponding to^volumes cut off at planes perpendicular to a fixed line in the 
body. ^ 

Suppose there is a datum line in the* body passing through the centre of 
gravity of the whole voliiiiui, and maKiug a known aiigU; with the assumed 
vertical already referred to. We may ikive vn indefinite number of lines,* 
each of wliich may be a vertical making the sauje known auj^le with iic datitm^f,.': 
line, and for ('aeh of lhes(‘ verticals we m:i,y have an isoclii]e! These isocline ^ 
curves will form a surface which may be called an Isocline S^irface of Buoyancy 
for the known angle. Idiere may be an indtimite number of angles, to eack 
of whi(;h would correspond an isoelirie surface, and tkesc surfaces iu alt would 
make an isocline solirl which will correspond to the solid formed by tlie 
enveloping surfaci' of the body. • * ‘ 

Similarly, for t-aeli volume cut off— from that (»f no displacement kfTho 
whole disi)la(;emeiit of the body— there w ill correspond an isovol siiifice. These 
will form a solid, which could be called an isovol solid, but that* it is the same 
as the isocline solid and the enveloping surface* of the l)od>V The isovol 
surface corresponding to no displacement will be* the (uivelopiug surface of 
the body, or the surface which all the tangent planes to the body which do 
not cut it would form. 

Let us first consider some of the j)K)])ei'ties ol the isovol siilace of buoyancy, 
the isoclines and other e-urves. ‘ 

1st. It has Im'ch seen that (he imv(tl /.s* o r/imed surf (tee, and must lie within 
the limits of the enveloping surface of the body. 

Jnd. /he (iDUfeiit pin uv ni miff pouif oj (he isovol is jKinillrl to the wciter- 
plane correspond In i/ to that /mint. I^or, the direction’ iu which, for a small 
incliiiatioii, the cirntre of huoyauc;^ changes, Jias horn shown to he parallel*LO 
the straiglit lino joining the ceiitn*s of gravity of llie vv>t*dges of ^‘mergence 
and submersion. WIkui theVigle is md(;»init(^' small, this latter line coincides 
with tld‘ waterplam^, and tlf* fonmV line with thivdirectifvi of the tangent. 

As this is true of asUdireetioiis %)f inclination, a diaiigo of direction of the 
centre of buoyancy takes place along the tangent line parallel to the water-' 
plane, and Iheijfore in a tangent plane parallel to tlie waterplane. Hence 
all points indefinitely clos5 to tlic original centre of buoyancy are in the same 
plane with it, and that plane f^uch is a tangent plane is‘ pavdiel, to the water- 
plane. A " ^ 

hvd. It no re-enter huj pahs^ If any part of the surface had re-ei^ing 

parts, a tangent phne in some point of the part woul<l tlfo surface, but 
it can he ;<hown that a tangemt \o an isovol surface can never *cvit the 
surface. ^ ' 

We have'already seen that a change of waterpkiho caused by vicliuing* 
the body through a small .angle (displaceihout Remaining constant) is eejuiva- 
leut to4aking a wedge of volume from the emerged side helbitf^ th a 
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placing, a wedge of the^ same volume on the submerged side above the 
wfPterline. This necessarily causes a rise in the centre of buoyancy relatively 
to the waterplar^e. 

As the waterplaiu^ is parallel to the tangent plane tbe centre of buoyancy 
will ah^^aye move rdiatively to it in the direction of the waterpkne, and, 
therefore, its curvature will always l^c towards the waterplant^, ;ind away 
from the tangent plane. Hence the surface cantilever have a re-entering part, 
and a tangen^plane cannot cut it. 

Thfs can also be seen as follows : — ^ 

If the isovol surface has a re-entrant part, then some tangent plane at Bj 
parallel to a plane of dotation must cut it, and, in the vicinity of the tangent 
plane Bj, the adjacent centres of Imoyaney wonld move awaydrom the plane 
parallel to the waterplane, which is [mpo.'^sible. Further, there would be 
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another tal^gent plane at parallel to the same w/iteiplane as that corre- 
sponding to B , and ue should have a, solid with three positions of centres of 
Imoyaney, whmh is impossible. 

4th. P'or (‘wrtf iaovol iknr /.s a rotnjtlem.eniarf/ isovol i<inri/trr in form, but 
tvifh correspoudiuj/ raihi at 1S0“ from each (tfhvr. The jiole of similarity is 
the centre of volume of the whole solid. 

If V be the volimte of displacement .“nd B its centre of Imoyaney, the 
vdlume V of the remainder of th<5 .solid and the position of h will be related 
to each other by 

a./dl-V.BH, 

wi:ere 11 is tlic centre of volume of tlu'. whole solid. Since B and b are 
points on^the isovols of V and v volume- their loci will bo similar, since 

/,H = ^BH and - is constant, -^’he radius All is 180"' {jo BIT. 

V V ^ , 

The limiting isovol.s iTre (j) the enveloping surfaix' ^if the body, (2) the 
point K ; so that the complementary isovols which approach very near to 
tbe total volume of tbe body and to no volume, a])proacb very near to the 
point H and to the enveloping surfaire of the bodj‘ j-esjiectively. Tlie point 
H in the limit has the same shape as the euve’jping surface, but with all its 
corresponding radii at 180“. i, 

T^or the same angle of inclinatUm, the taTigents to the isovol^ at 
the centre of, buoyancy for tbe same solid and angle of inclintition will all 
have ^hi same inelination, as they are parallel to the watiprlines of the same 
inclination. Hence all tangents to isov^ils along® an isocline are ][)arallel to 
each other. • lyg."42 eshows a^set of isovols and isoclines for A shipshaped, 
form, ^he isovols arc for uniformly varying pcrcei)tages of the total volume 
of the solid. J'he isoclines are for uniformly varying angles of inclinfj^ion. 
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Curve of Flotation. — To each constant volume of displacetnent thye 
will be a watcijplane. Consecutive waterplanes intersect in their centres 
of gravity. • The locus of centre of gravity of watcrplane for ^jonstant volume 
for a given direction of inclination is called a Curve of l^lotation. 

Surface of Flotation, or Flotavol. — If the dii^ction of fooJination 
be varied infinitely a scries ^of curves of flotation will be formed, which 
together will foj'ni a Surface of Flotation for constant volume of displace- 
ment. This surface will be the locus of all centres of gravity waterplane 
cutting ofl‘ constant volume. * 

6th. The tfuigentK to the isocline will all pass through the point of the 
curve of flotation which corresponds to the centre of buoyancy, which is the 
touching point* of the tangent, because each addition to the volume of 
displacement for (jonstant angle of iij^fiination is made by a small addition 
of volume at the wat<‘rline formed Va' a parallel layer whose centre of 



gravity is in the limit at that of tf^e waterp'lane, and is thei'efore point on 
the curve of fiotatioi^. \ 

For«each watei^ine of f-onstanl inclination there will be a centre of 
gravity of area whivh^will be a |R.)int t)n the curve of flotation for one par- 
ticular volmiK* and inclination. Heuco there will be a ci^rve of flotation of, 
constant inclin.'ition and varying volume, which may bo called a Flotacline.'*’ 
One end of tlws curve \fill coincide with the end A of the corresiKmding 
isocline (at the angle 0), whidb is normal to the midship ^seetipn ; the other 
end B wdll coincide with the corresponding end of the isocline a^ the angle 
B+jt. This^is sliowm in fig. 13. ' ^ < 

This curve will be such that from any poinr. vf it, tif a straight 
line be drawn ,to»5 the corresponding ('.B., this line w ill be a ta'agent to 
the isocline. ' * 

7tlt Jfei\ce the fiotacline is a curve of pursin’ f to ikr^ioi^-esjxiuding isocline. ^ 

t A. 

* It Iftay l>e noticed that there is the same flotadnic for (e + ir) and y, as for 0 

and 
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tee projojtion of the intersection of consecutive normal^ to the isovol 
will form the curve known as the metacontric evolute, which may perhaps be 
better called the Afetavol. Such a curve is shown in fig. 9. . , 

If we consider the consecutive inetacei\tres for varying volume and 
constant inclination, we shall see that there will })e a curve of m^^tacentres 
for constant inclination. Tin's curve may be callefi a Motaclino. • 

8th. A tangent to the tnetacline will ahmi/f( jHfits throiufh the centre of 
ciirvalnr^of the correspondim/ fiofaml, because th# i*hange in ])osition of the 
metacentre is,due to a small added vohime at the corresponding waterline 
which acts for a small inclination through the intersection of* consecutive 
verticals througli consecutive (Mb's of the waterplanc, that is, .through the 
intersection of consecMitive normals to the flota^oI. Hence the* tangent to 



the curve of metaclines will pass through the corresponding point oji centre 
of curvature of the flotavol. * * * * « * t 

For constant incfination*and*varying» volij^ne, the cur^'c of centres of 
curvature of the consecutive flotavols will have its consecutive points on the 
tangents to corresponfang consecutive points on the metaclinc. This curve 
thus forms a curve of pursuit to the inetacline. H^mce we have the* two 
following statements : — ^ 

1. The flotaciine^s a curve of pursuit to the /socline. 

2. TJie locus of the centre of curvature, of the flotaclines is a curve oj 

pursuit to the inetacline. • 

Method of 6btairi5ilg Isoclines and I^oyols.—Forafty form isoclines 
can be drjfwn at convenient angles, say 15* 30“, 45^, GO", etc., and^isovols 
are generally drawn \t uniforyi percentages of the total volume from 20% 
to^0%. * • * , , 

In (frder to find the spots for an isocline, we ha^e first to construct a 
stability body plaL* It is better to leave out erections (so that the formnhajL 
VOL. II. , 
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have no serious discontinuities), for purposes of comparison of foipms independ- „ 
ently of the variations in deck erections. A series of parallel waterplanes 
is then drawn at the required angle 6 for the isocline 

At each waterplane we have to find — 

(1) ^The dis])lacoinent up to that waterline. 

(2) «The inonient of %he displltceinent about an axis perpendicular to 

the waterplanes. 

(3) The luouient of ^tlic displacenient about an axis 'parallj^l to the 

waterplanes. 

Tins is most* conveniently done by the integrator. If possible, for working 
the integrator, the most suitable axis perpendicular to the waterline is taken 
through th(?*k(‘el. Tin; axis ])arallel to th(‘ waterplane is taken at any con- 
venient distance from the body plan% 

J\)sitions for axes are as shown in\g. 14. K is through the keel and 
is perpendicular to the waterplanes. L Ijj is outside the body plan- and 
is parallel to wati^rplanes. - ' 

If we divide (2) by (1) we get the position of the cci#i>re of buoyancy with 
reference to the axis K K,. 

If we divide (3) by (1) we get the position of the centre of buoyancy vs'lth 
reference to the axis b L,. * 

The actual })osition of C.B. can therefore be fixed, and, thus ii spot in the 
isocline obtained. 

Obtaining a series of these spots by making the above calculations for 
each waterplane, we can get the isocline for all disphu'cments'for a (jonstant 
angle of heel. ^ 

These operations for obtaining an isocline can be performed in the 
following order : — 

(1) Draw a series of waterplanes at 6*”. 

(2) Oo over all the sections with the int(‘grator up to each waterline, 

the axes being fixed i> 

1st {a) perpendicular to the waterlines as at K K^. 

2nd (/>) parallel ,, ., ,, b b,. 

(3) Set oir the readings of the area and moment wheels for eaeljirsection 

on /« basfc^ representing the length. (There are thus for each wl 
one cut ve of areas and two curves of moments.) 

(4) Kind the areas of {a) th^ area curves, , 

I ^h) the moment about K Kj curves, 

|[c) „ « “T, bb^ 

(5) Apply th(;,scales of tln^integrator aw.d dniwiiig to get the true volume 
and the true moment. 

(6) Divide the moment results liy the corresponding* volume results. 

(7) Set offtlic dist^pces thus obtained for each waterline with reference 
to the axes K K^^and TjT^j and we get the values of the offsets of 
B, vvhieli enable us place the spots for.the isbcline. 

Note. — This series of operat’ons can he simplified by lii‘st spacing the^ 
body pla^ sections according to Tchcbycheff’s Buies, say, for instancef' 
according to th(' three ordinate fule as used for disf4acemcnS table in Vol. 1., 
oppositb page 82. The^labour plotting the integrator readings for each* 
section is«thcroby saved, as the section spao.^d Jn Jhis q'.anncr can be traced 
over in succession by the integrator, Ijcginipng at the keel and ^continuing, 
without stopping, to the end. It is only necessary to note the final readings 
pt ffie area and moment wheels. There will be only one volume apd 
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readings to record for each waterline, and we now get the 
isocline by performing the operations (6) and (7) above described. 

To find the spot in an Isocline correspondimj to a given Wate^plane ^ — 
Let K K| and L L, be the two axes as befQrc, and lot I H be the isocline 
obtained by setting oif the ordinates obtained as described aboye. On a 
base line OA as shown, parallel to lv?\j, set olV as horizontal oniinates the 
displacements vv fo each watorplane. Tliese form the curve OAf. Thus 
at the waterline wl the displacement is'fM/o • 

Let bt^ the j)osition on the isocline of the centre of buoyancy corre- 
sponding to waterline wl, which is assumed to be one for which the integrator 
readings have been taken. Set oh‘ along /y/ the distance ah i'qual to rtj 
the distance of from OA. Doing this for all the waterplahes used for 
integrating we can get a new curve if Iq, from which can be obtained at 
any waterplane the distance of tjic ciCitrc of buoyancy in the isocline from 



<*iie ^hie 0 A. By this means we can determme the spot giving the position 
of centre of Uioyancy (;orre:;yponding* to ang waterline parallel to LL^. 

To determine the Isovol f urves.“The t^,ove cq/istruction jeads at 
once to th(‘ determ iiiiition of tlie isovols.* • T » • 

If we hav(i a series of isoclines, aitd kiww the pem^; on each which 
corresponds to a chosen constant displacement which is a fixed percentage 
of the total bulk, we can draw a curve through these points. This curve will 
be the isovol for that displacement. It is convenient, therefore, to fine! first 
the w^aterlines giving certain peremitages of displacement, say from 20% up 
to 80%. Th^s is ca^ly doh(‘ by dividing the ordinate A M (fig. 14) into these 
TOercenta^e proportions. The vertical lincsi through these points cut tl^ 
“ ifiiisplaccment curves at the required waterlines, and the ordinates of the BBj 
curve at thj>se waterline*s ^ive tlie distances oi#t from UA of tHe corresponding 
’positions 5f C.B. on the isocline. Doing tfiis for tliese percentages for the 
dijerent angles of intSjmy^i^n get spots on the isovol curves. • 

Isocliiiett are usually drawn ^or t^e following angles of inclination, IS*", 
30“, 4!r, 60", 75“, and 90“. The isovols can then lie found by the above 
method at 20%, ^*%, 40%, 50%, 60%, 70%, 80% of total volume. 
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Angles of Inc/inatJon Oi 
** 0 * 

^3 c 

04 

A lp% 20% 30% 40 % sp% 60 % 7p% 80% 90% V 
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is sonjetimes better to make a combined diagram giving the curves 
for each angle of inclination. 

For each ang^e of incliTiation we have three curves (tig. 15), giving 
respectively — ' • 

(•1) Displacement. 

(2) Curve of K N>. (See lig. Ki.) 

(3) (^irve of IVs. ( do. ) 

The •values of these (displacement, K N, and H) arc obtained for each 
waterline, anfl are set off in ten .s of tln‘ waterline interval. • 

Having a series of curves for the angdes of inclination 0 ^, ft,, ^3, 0 ^, etc., 
we can draw the vertical lines at the required percentages of dif?piacement for 
which the isovols are required. 

Where these vertical lines cut displacement curves, wo got the 
pos.^lons of the waterhnes cutting ofl the required volumes, and we also get 
the values ^ K N iinj Q 11 for these respective volumes. These values fix the 
positions of the. C'^ntre of }>.ioyancy of constant volume in the isoclines, and 
hence give points throneh \i'ich the isovol curve foi; each percentage of 
djgplacenfv^iit can be d^a^' n. * 



CHAPTER HI. 

DETERMINATION OF COORDINATES OF B FOR A 
GIVEN FORM FROM At SIMILAR FORM OF DIF- 
FERENT DIMENSIONS. 


It is Hoinefciinos imcful to olitaiii the locus o| cinilre of 'ouojancy of a known 
form of one set of dhnensions from tluit of-a similar form of different dimen- 
sions. If all the m(\asuremcnts defiiiiii*^ a form are altered in *the safne 
proportion tlu’ coordinates of the cimtres of ])noYanej will be ^similarly altered, 
but if the length, breadth, and depth im'asurements are abeiT;d respectively 
in different proportions, the changes in the coordinates of the ccij^j’cs of 
buoyancy an^ not so simple to determine. The following shnplc analysis 
enables us to obtain these : — ♦ 

Suppose we have a form whose jn’iueipal dimensions are I B l>, and a new 
form is evolved by altering all the length, breadth, and depth measurements 
respectively in proportions such that L^, Bj, and L)^ are the new principal 
dimensions. 

The ratio of length dimensii^n alteration will be j'b 
,, breadth „ ,, „ 


For transverse inclinations the variation in length will produce no effect 
on the locus of 11. ' S ^ > i, 

Lbt the breadtli and depth be ’represent'd iix section ms shown at A 0 and 
0 (fig. 17). deferring thefn to axis () 'A; () V, ()X as shown, W(‘ see that 
the coordinates of a point P in A 0 are — 
y the vertical height of P, 

: the bori'/ontal distbnee from VOX, 

.r the longitudinal or foV? and aft distance from Z 0 V. f- 
The coordinates of a corresponding point Pj in A| (> arc thero!^ore 

Ah 

: X 

B 


22 
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At P tliQ, volume of an element = = SV. 

At P the moment of an element about OZ =-- i/.Ojc.dy.dz^M. 

' Applying this»formula to a corresponding element at in Aj 0 we have, 
by substiiatmg the coordinates given above for P^, the volume df an element 

at Pj = =--8\ p the inomcnt of an element about^OZ at Pj 



Fic. 17 .* 

$ 


So that the alteration in a given form of the length and breadth dimensions 
alone do not afteet Y, the height of the tJ.B. Gulp; the alteration in depth 
affects the height of (Ml ^ 

Similarly, the a^tcratitm of length and depth alone do not affect Z, the 
lateral position of C.B. • • 

The total effect oik B. of a change of length, breadth, and*depth may 

therefore be seen to be for Y in proportion. to the v.^lue and for ^to 

• Suppose tha> th^ w'Et^plifne'of a form is inclined to the horizontal, and 
that »re enlarge all the bread th* and ^epth dimensioivs, B and D being for the 
original form, and Bj and Dj for the enlarged form. 



24 


THE DESIGN*^ AND CONSTRUCTION OF SHIPS. 


In fig. 18, WK 1.1 represents a section of the original form ip which W L 
is the water]jl«io iiiclined at to the horizontal OF. The dotted . figure 
WjKjL, I'epresents the corresponding section of the enlarged form. For 
clearness let* the sections be so placed that the waterlines WL and WjLj 
intersect in 0 at tlie centre line.* The inclination of to the 'horizontal 

is <9,, and (t is desired to fin^ the relation between B and B^^. 

If we lake a jxnnt 1’ in W |j we can get the corre 82 )onding point Pj in the 



enlarged form by the method shown above, and the line 0 Pj will be the 
waterline of enlarged form. Tims in the figure 

l>,F, = 

OF, ^ 'ioF. 


SO t ha^v as 


$ — 


Ib 

i:f 

6V 

“ PF 

, I^F, 1), B, ^ 

Thc'/elation between the angles of inclination oj corr^spondingwater- 
jfianes is cxpress<?vn)y the above v‘'orraula or ^ 

A 

tan^, ^1), B 
tan B D B, 

a' 

T\ie above consideration applies equally to any plane tnat is parallel to 
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the floating #vaterplane ; and therefore if wo have for a given form a series o 
waterplanes, we can at once get the angles of inclination of tfle correspoudihs 
waterplanes for tiny enlarged form of different dimensions. The'^actna' 

position of the corresponding waterplanc is got by setting u], KO, = "iKo'' ai 

i-Si, » i.»i. 


taij 0^ 




tiiu V. 


I ^ 

If we have an isovol of a fonn of known dimensions, we can easily deter- 



mine the corresponding- isovol fi^r tlic'’ sa,j,ne fori-^^ witii i\e len^^th; breadth, 
and deptlynoasureinents ri'spccgvely. /Phe .^,amc is tnie of an isocline. 

• Standardising'. — We have seen how to hiifl the ccTrresponding points in 
a torm siimJar to a given one, and also how to find the corresponding angles 
of inclination of the waterplanes. 

iUtio of breadths = - 

* R 


„ depths 

(/ 

,, angles 


-1', 

IV 

ten 1} D| 
ten 


O' we refer the results of te gfven form to a similar form of standard 
dimensions, wedfaereby standardise those results. That is, that wlflttever 
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the dimensions of the forms we have been working upon may have been, if 
we plot the rcsiUts as for the same forms to standard dimensions, we are then 
able to compare the results of different forms directly withl^ach other, what^ 
evel’ may have been the absolute dimensions of the forms for which the results 
have been obtained. ’ * • * 

The standard form choseft (for coifv'cniemtc) is one in which 

. D.-^IO", 

lb ==20", 

or tlie half- bread 111 - 10 ". 

Therefore in the formula' above, 

the ratio of lycadth = ; 

„ „ depth - ; 

B and D ])ein^' in inches ; 

tan 0^ _ if 
tan(9”2!V 



Staiulimaisiwf an hovline. — Let 1 H (lig. 20) be the isocline of a given 
form of dimensions L, B,^tud 1>, and let the angle of inclination of the isocline 
be 6. We can plot the for A to standard dimensions from the ntio-s of dimen- 
sions. Tliis is shown dotted, llj, the spot corresponding to is obtained 
frtmOUiOHi:!);!),. ‘ 

The aii^lc which the tangent at I makes witli t]^o,horizo4ital is B. The 
tangent Ij wilrmake sneh fcliat 

tan - tan B 


jbhe spot corresponding to 1, is found. 
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Take any other point P whose coordinates are .r and y ip inches on the 
isocline. Then the cooi-dinates of the corresponding pffint Pj on the 
standardised isocline are 

20 , 10 
r X niui // x f 

^ t ^ 

can also be found in this \v;iy, so th;it \vc can plot the standardfsed isocline 
from Hi to Iji • 

In 6rder always to obtain isovols and isoclines of forms of standard dimen- 
sions at the’same percentages of displacements and angles of inclination, it is 
more convenient to draw the waterlim's on tlie actual form at angles correspond- 
ing to 15“, 30", 45", 00", 75" on tin* standard form. These be obtained 
directly by substituting the. above values in succession for 6^ in the formula 



Tlie values of 9 obtained are# those to» which waterlinos should bo drawn 
in the actual form. 

When the results arc set off on a stmidardised f, rrn, as previously- explained, • 
they will then be ffn' isovoh at 20%, 10^,b0%, S0% of the total displacement, ' 
and for isoclines for 15“^, 30\ , 60 , and 75 inclinati^’i)'. 

* If all results fo^' every form are so plotted, the curves so obtained will be 
directly comparable with each other, and will show directly the effect upon 
the isoclines and isovols of diflference of form. 

It is somAimej! convenient to be able to carry out the standardising of 
stability curves direct from curves of K or “cross curves” as they are 
sometimes called. 

To dq thi^, first 'n?ake a complete oqrve OF of djisplacement in the^ 
upright'lig. 21. Draw the locus_of centre of buoyancy 0 b '(Hg. 21) 'by taking 
at a series of draughts^ ^ch /is D A, the value of 
ar^a OBD in sq. inches 
AB in inches 
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This value A(!, plotted at the corresponding draught, gives th« height of B 
above the drau^it datum line when the vessel is floating at a draught 0 A, 
ancl the curve 0/> is obtained. 

Divide the line KF, representing the total disphi^jcn^it, by .points at 
20%, 30%,i.K)%, 50%, 00%, ^^0%, and*S0% of the length PIF from E; these 
points wilT represent eori'esponding percentages of total displacement. The 
heights of the C.B/s for these (lisplaccments can be got frofii the curve 0 6 
by drawing at any percentage of displacement, say 20%, a vertical, anU where 
it cuts the curve D F drawing a horizontal line cutting the cur\e 0 6. The 
ordinate at this liiu! will he the height above the draught datum line of the 
C.B. coiTespoi>.ling to 20% displacement. 

Describe a (standardised) s(piare of 10-inch side (Og. 22), in which place 
the half-breadtli midsliip section of thJ^vessel, using the following scales : — 



Horizontal scale 

.r.7^.2() 




.r- - 

* 


Vertical scale 





y.?i.lt) 

• 



wliere and y, gre the cooniinatcf. in inoiies of paper of a point on the 
standardised section, lind .r and // are the coordinates in inches of paper of tint, 
corresponding point on the ordinary section ; H and D fhe moulded breadth 
and depth respectively the ship in feet ; and n h the scale to wdiich the 

ordinary section is drawn in. 1 footj 

• Using the vertical scale (ii), iiArk off the K B’s on fig. 22 at the different ^ 
percentage * of displacement as found in fig. 21. 

Take,now the curves of K N* sometimes called Cross Curves olf Stability 
(fig. 23), for the vessel * and set up the different percentages of displacement. 

* In view of standardising stability curves, j,t ^ a^lvisuble, when preparing •K I^urvea 
for the ordinary stability calculations, to take the KN’s for displaceraeiits ranging fr^ 2ft% 
to8()^f of the total displacement. ** 
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Set Off horitbntal lines (see fig. 33) K B sin C distar.t Iron, the base, 
C has-the valnee.lS”, 30". 4.5- 60", and 75", and KU is the 'distance 
centre of buoyancy above the datum line for draft. 


where 
of the 



_ Since B R=- K N - K B sin (; wc have now a .simple method of measuring 
BR at disiilacemcnts 30%, 30%, etc., and angles of lieel 1.5', 30", etc. 



* Plot c;irve 15 K bu\ bas^ of radians (fig. 25). Integrate these curves 
ind we get the (^k)tted) curves of B,K, as BjK- fSTi.r/^. f^ee p. 10. 



no 
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ariKl!sM 5 *"? 0 " M o'\^^7'^!n=‘ry section which will correspond to the 

antics 1.0 , .«) , ctt., on the standardcsed section from tlie formula 

^ tan -= Jj- tan ff. 

Set off th^i'anttles so fonndl on lo, tl.cn lUl .nKl llTTl can be measured 



Fig. 25. 


or disi)lticonu!nt« JO/, JO/, otc., and angles correspondiitg to 15", 30", 

To hed the values ?,r and r which con-espond, on the standardised 
ection to 1. 1. and H, It on the ori-inal section, ,)roeeed as follows 

t ig. shows the ordinary section, and fig. 27 the standardised section. 






1 0 “ 


Troni (i) and (ii), p. 28. 
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■ a. haA th. values 1£, BO”, etc., and on substituting in tl.is equation the cor- 
res^nding values of H H from fiii) wo get the values of A r for Sm standardised 
In- ''' '■ *«•"> form with li, K substituted rfor 

and - a,) for ^tj, vi/,., , ^ 

• * ' + ('ll*- - jj-) ain^ (!)0° — a,) 

Having'the values of Ar an.l fywo plot the curves giving the loci 

of li, VIZ. the isovols and isoclna's. on the .slandar<lised fon„. ^ 



CHAPTER IV. 

GEOMETRICAL PROPERTIES OF ISOVOLS, ETC. 

The curve of tlotiition has hcen defined as the. locus of (U?.’s of Vaterplaiie 
cutting off' constant volume for one direction of inclin-j.tion. This is also 
called a Flotavol ('iirve. The locus of nil flotavol curves has been called the 
Flotavol Surfac(‘. “ 



Leclert's^ Formula for ihe limlius of Curva/mie ofjhe Flotavol . — F in fig. 28 
is the centre of curvature of a flotavol curve^?* is tlie radius of curvature, B 
and Bj are C.B.’s at volumes V and and are at heights h and^^hflfi 

resj>^jtively. M and Mj and p and are corresponding metaccntric quantities. 


geombtricai properties op isovols, etc. 


3 J 


Takiog mftments about A n r.r n i 

dV acting at F, we have “ A^, and the volume 




f 


(i) 


ADo^fV + ;A"(£/It'M7"r’^'’-^ to the ,„om:„t about 

Eqnatii^ (i) a,,,] (ii) „.e get 


(ii) 


py + r.,{V + (\/-_-,,.<h\ 

V ^ 2 r' Pi ' + /‘i-d'' + d/>iY + ,!f) . _ (iij^ 

Taking moments about A D of dv/, .i ^ 

“'"I (V + dV) acting at B, 

•= tK = '«(V + rfV), 


0(^Matk)u (iii) '‘J>L*c()i)ieh 


Now we 


/j.V + r.(/V = ,,,(V 4 (/V) 


(iv) 


and 


'’=v 

P,- 

' v+,/v- 


■Substituting tliese values for p and p, in (iv) we get 
whence* * 


' ' ' ' ' ■ (y) 

.H;.“at"Lcr" ti» iiou™i b. 

J 


‘ eV 
<lp 1 d[ 


I 


dV "" (IV "4^*^ 

f ■■. ^ 'i*!/ , v'^p ■ 

d\ V+\iv 

r = p + V^l 

loh 18 knoiisi as “ Loclert’s formula ” 

j 

i hus, ly this^aA^ since = 0 . ^ 

^cr?ies of tho Isocline t tt « • i* 

A the verfleal at an angle e (fig. 29 ). ‘soclme of a vessel 
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Let be*distaiit h + dh from XX. Thou, takiiijj: momci^s about XX 
,we have 

V./i + ^/V..r -- { V + d\).(h + dh)^ 

which, on fleeting (ju|intities of tin* second t-mhj of iiifinitesinjids, becomes 


d\\.r:=^LdV+V.dL 
.,-h + v.i"' 

d\ 


(i) 


Clearly th^ point H, will lie (m the liney ii, and (V + -^^/V.f/ll = 0 ; 


' v+./v 


111 tlu' limit li l!| lii'uonies zom ivlicii d\ is iiiliiiitely simill, .iiicl then the 
tangent to th" isoolinc at B will laj B;/ and will pass through the eentre of 

OfVMuit.V nf lU-iiw. zrf 



t 

If we plot% curve rff values of li in terms of V, wc have a curve from 
which may be derived what is calle4 a “eiioss curve.® If \ V. passes through 
K, the keel, it will \h a eiiiji’e of K N s, lb. For a knowji position of 

G a cross curve can be at once obtjRned. * * %• 

" iiCt A 11, fig. bO, be^i cross curve giving values of h measured from a line 
such as X X in fig. 29. 

Let P bo the point //, V. Draw tin* tangent P, meeting the zero 
ordinate of dis])l{ifement in K. Draw 4 )arallel to OX. Let K PM - a. 

Then tarjtt=--^~. 

d\ 


- PM tan a - V 


dh 

'd\ 


n\ • 
.r = A-K»M. 


h from (i), p. 3i). 
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Draw L R^pHrallel to the tangent and K N parallel to OL. ‘Then = 

Analogy of formula + to Leclert’s fonnula 

Comparing the sym))olf; we. have : — 
r is tjie radius of ciirv.'j aire of the surface of flotation. 

■r is LI)o distance of the centre of gravity of water 2 )lane from X X. 
p is the radius of curvature of the surface of huoyaney. ‘ , 
k is the distance of the centre of buoyancy from X X. < 



Tlie following proposition explrins the analogy = A + V^- . 

dY 

Leclert’s formula may be deduced from the equation as follows : — 

The tangents to the isovol and to the flotavol at B and // respectively are ^ 
horiKontal. 

5^ Consider corresponding points whose coordinates are .Zj and for the 
same volume V, but at a new angle (0 + dO). 

We have .r j = ^y’ 

Blit .r^-.v = rdO ) since these are elements of jirc 
and cofrbspondihg to angle *■ \ 

also ~.r~ /ij - 7/ + - A)., 
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r.<i,e=p.<w+y'‘^^j0, 

I 

or 

I 

Some properties of the locus of centre of buoyancy and 
metacentric ctirves — tlu‘ ;il)s(Mhs;i‘ dl’ tl»o»cnr\(‘K be displaeemont V 
along 0 }?, tig, ^31, Lot the lK‘igli1 of the jnotaconlrc'' and ooiitros of l)uoy}incy 
be measured in U»e diroction () V. 

We get curves ol L and M as .shown. At H draw tlio tangent I* H meeting 
0 Y in H. Draw }| N, iig. .‘U, parallel to () X, mooting K li in .W 


Then Lui = 

UN 111 |iHK = H.\=- V'^^, . . . (ii) 

• ^ 

Le^ the draught to waterhnc a- ' be L 

It may be seow that thi» ts a special ease of + when XX, fig. 
m m ^ (f y 

•29, passes through K and is perpendic\dar to K 11, then r=S, tlje distance of 
the centre of gravity of the watcrpluiic from base, 

and h = h, tti« distance of the centre of buoyancy of volume V from base. 
Hence we may wrj^e 

(iii) 


/.r. K(]=KB + Hhfctan BUN 

KC-KB-BN 


CB = BN. 

Draw tangent M T and, draw Q M horizontal. 
Let ^ m — KM =% + p 
dm = dh 

5 ^ 

ydm _ydL9 ^dp* 

* dY~ dV iiV 


rdb 


= Z-b-^7’-p from 8 = 

a3d r = p + V~ 


dV 


^ v/j> - p 4- 


ydm 

W 


+}lGi=r, 


or 


-QT + MC-r. 
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^'We liave 


« = i!, + v|| froni(iii), V. 37. 




and 


'’S 


Tf the tangent to tlie curve of iM be parallel to the tangent to the < 
of B whore B corresponds to IVl, 

d6 _ dm 
dN~dW 


Then 


and 

and 


?• - p = 0 


■ tv) 

dh 

The curve of B for ships is usuallv in^jHy straight, so that is^ practically 
constant, and where has about this value, r closely apprQ,\i mates to p. 


Also when the tangent to the curve of m is horizontal, fig- * 

^ -H c — p = () 

B(J + r = p 


and the centre, of (uirvature of the llotavol coincides with the inetacentre. 

If ^-/y + >’“p = 0, one solution is ?- = n, in which case M will be in the 

waterline and p = ^-/y^ But p+ =- < ), and ~ when 

dV dM d\ d\ 

r-- 0 and ~ (). 
d\ 

In fig. 33 we have a curve of p values set otf to a base of volume 
Draw the tangent M T as before. Dra\v (^)M parallel to OX. 

Then -QT=Vi^ and OQ = p. 
dy 

■ OQ-QT = p + Vi?P. 

d\ 


Oraw Bll parallel to M T and B N parallel to 0 X. 

Then OQ-QT-BM-BN-MN-r. . 

Thig property is analogous to that shown for the isocline in fig. 30. \ 

When the t‘U%ent to the curve of B M’s is hor’zontal < ^J^Ayhich is the 
same rs in fig. 3l when tne tangent to the B and M curves When 

?• — 0, 0()-QT = 0, fig. 33. The value of V, which fulfils tlm y ndition, can 
be transferred, if it exists, from fig. 33 to fig.''31,'^ainl it will gm the draught 
at which ^1 and F and C are in tl^J waterline where F is the centre ioi 
curvature of the flotavol. As this point is one of no radcus of curvature, it 



Fig. 33. 


1. #The tangent to the M cufvc in fig. ‘^2 must be .horizontal. 

2. In fig. 33,*M N must be zero. 
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Summary (^f the propertie»i that have been proved in this oha^rber : — 



dN 

8 = A + ^-r+ 

d\ 

Ami ulsu — 

(i) When tlie Uiiijjjent to the curve oil centre of buoyancy is parallel to 
the tangent to tlie curve of inetacentres, tljc radius of curvature of tne flotavOi 
is equal to the radius of curvature of the surface of buoyancy. 

(ii) W'hen the tangent to the curv(5 of imdacontrcs is, hopzontal, the 
centre of curvature of the flotavol coincides with the nictacentrc. 

In all the foregoing we have been dealing with the curves due to one 
direction of inclination, presumably the transvers(“. The results are true 
for any chosen direction of inclination. Tlie curves of cenjves of buoyancy 
will bo similar for all directions of inclination, but the metacentres and 
flotovol curves, \\hich depend on the forms of the \\atcrplanes, will differ 
with each direction of inclination, but the above relations hold notwithstanding. 

The values of p and r for otliQv directions of inclination can be found by 
direct calculation in each case* from the calculated value of 1, but it cap be 
shown that it is only necessary to find two values of 1 in order to easily 
determine every other. 

The following propositions show how this can be done. v 

Properties of the “ Ellipse of Gyration ” and of the “ Indicatrix.” 
— When we consider the stability of any l)ody, regular or irregular in foKiT; 
floating in water, many questions relating to the shift of the centre of 
buoyancy may be conveni^'iitly solved by referring to the “ ellipse of gyra- 
tion of the plane ^of flotation. , ‘ 

We shall see that this ellip^^e is s^imilar to the^ ‘indicatrix ” of the surface 
of buoyancy at the 'point corresponding to the plane of Rotation. 

D€fLmfio7i.~-T\w “ellipse of gyration” of a plane area is the ellipse that 
has the square of the perpendicnlai* from the centre of the ellipse upon the 
tangent varying as the iiU merit of inertia of the area about ijn axis through 
its centre of gravity and parallel to the tangent. • < ^ 

Definition . — The “ indicatrix 'I of a point on a surface is the curve of 
intersecti 9 n of the surface and a plane parallel and infinitely close to tho 
tangent plane at fhat point. ** * 

Thi8<n!:urYe of intersection is a, conic for any surface; and if the curvature 
of the surff ce at that point is always of the saiye sign, then the curve will 1^ 
an ellipse. The indicatrix of any point on anjsovo*! is* therefore an .ellipse. 

In a flotavol surface the curvature may change sign, and the indicatrix 
may be cither an ellipse or a hyperbola. 
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' * The indidktrix has the property that the Si[uare of the Ijjdius vector to 
th^oentre varies as the radius of curvature of the uornial section containing 
tbia radius vector.* 

Let us first consider the properties of the ellipse of <ryiiition for any 
given area.V • f 

Let the ohgiii of the axes OX and O V he taken at tlu; centre '/sf gravity 
of the area, fig.,^4. 

Consider an element of area tij'jli/. 

Definitions . — 

The moment of inertia of <lx dt/ about 0 X - 

,, „ „ ,, 0 Y ^x^.dj'.df/. 

The rectangular nionient of „ „ O Y and 0 X-x. f/.dx.di/. 

The nioiiiont oiinwtia of the whole area about O X 


0 Y 


The recta|l<;nlar moment „ „ 0 X iind O Y - j jxy.d,v.dy. 

Call this K. 


l/Hx.dy. 
f.'all this I. 




x/dx.dy. 
Call this J . 


We have then the functions 1, .(, and K for a given position of the axes. 
We can find what these values l)ceome when the axes are turned through 
an angle 6, ^ 

Let 0 Xj and O Y^ (fig. 34) l>e the new axe*. 

hei x^y^ represent the now coordinates of the point .r // referred to 0 
and OYi. 

Therftlie value I, for the moment of inertia about OXj - ^ Jy^^dx.dy, 
and 4 1 - ,, ,, ,, 


„ KJ for th% rectangular m<5ment 

♦ • • 

Bu t x^ cos 0-\-y sin 0. 


1 = fj^i^dx.dy, 
= I jx^yydx.dy. 


y^ — ycos0~ X sill B. 

1^ = 1 cos'^ ^ + J sin^ 0-2K sin 6 co^, 
and • 4 J cos^ ^ + 1 sin- 6* + 2K sin 0 cos 0 , 
and* K ^ - (1 - J) sin ^ cos ^ + K(cys^ 0 - sin^ 0). 

Ii - = (1.- 4) (cos‘“ e - sin2 6>) - 4K sin 0 cos B, 

= (1 - J ) cos 26 > - 2K sin 


* In this case tlie principal radii curvature of normal sections of tivi isovol are 
i and and therefore the principal a»cs of^the indicatrix are proportional to v/l and 
TTius the indicatrix and ellipse of gyration are similar and similarly situated and will therefore 
have similar properties. 
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From the ^ove equations we can deduce 

i+j=i,+.i, . . (i) 

and also | IJ - K2 = l,,)| - K,^ . . (ii) 

From these relations (i) and (ii) we can deduce *4^at for every 
plane area tfiere is a pair of rectangular axes, for one of which the 
moment of inertia is greater and for the other less than for any other axis. 
These axes are called the Principal Axes. 



‘ Fig. 34. 

* * * 


(I + J) is constant for any axes. 

(1 - J) is a maximum for the principal axes. 

(IJ - k“) is constant W any axes. 

is zei ‘0 for the princij)al axes? « * ^ 

We can obtain the position, of the principal axes when we know the 
position ^'f the centre of gravity and the values Ij, Jj, and for any pair of •- 
rectangular axesf ^ ^ * 

Let*'/>' be the angle ifetwecn \hc principal axis 0 X and the axlfe 0 Xj, for 
which we know Ij, Jj, and K^. 

Then K is zero for 0 X and 0 Y. 


(Ij “ Jj) cos ^ sin p + K^(cos“ p - sin- p) - 0. 
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Let AB be an ellipse, such that the semidiameter 

OA-U-- V.), 
and th'e somidiainctcr () B ^ 6 ^ I . 

Then from this ellipse w|i can obtain Ij, Jj, and Kj*for any pa!r of axes bi 
reference A her than O A and 0 11 

Let A 0 A I ft and 0 A be tlie original axis O X. The^aquation to the 
dlipse will be * 

♦ cos-B sin-B 1 

rt" A* r~ 

wheut r-~ 0 P. 


Draw the tangent OT parallel to the axis 0 Y, touching the ellipse at C. 
Let 0 ? moot the tangent in T. 

Then OT is the perpendicular on this tangent. 

IfOT==y>, the (Mjnation to the tangent is 

•r cos p + ;/ sin fS —p. 

The condition that this line should touch the ellipse or he a tangent is ^ 

y/- = a“ cos- ^ + //- sin- jS 
~ J cos- /3 4- 1 sin- /3. 

Again, if O V etjuals seinidhimeter of axis O Vj, 

ov'- ' 

(f- (r 

_ sin^,B i'os- fS 
at ■ ' 


. o * 

''7^"“dV2' 

* * 

It is also a, property of the tangent to the ellipte that 

CT.OT = {a^ - //-) cos P sin ft 
calling CT = n. 

. •. \ p. }( = (n- - (r) cos p sin ft 
= (J - J) cos p sin ft« 

=tc,. 

to, 

' P 

where a — angle COP.* , ^ 

Having discussed these properties of «nomlnt of inertia of a pfane ,area, 
we cAii apply them to the area of the plane of flotation. • 



GEOMKTRIOAI I’ROPERTIES OF ISOVOLS^ ETC ii 

For any plane of flotation we have an ellipse of gyration which may b 
defined as follows : — j 

The ellipse of gyration for a plane of flotation is the ellii^se havineit 
centre at the C.G. of the waterpUme, and liaving the pi-opertv that the squar 
of the perp-^ndicnlar the centre of gravi’ty ol the plaiu' fthis point beini 
the centre oi^e ellipse) upon the tangent varies^is the inonoMit oj^ inertia o 
the area anou^ :ai axis through its centre of gravity and parallel to thi 
tangent^ and therefore it varies as li M. 

pirectiQn of Motion of t-he Centre of Buoyancy of^a Floating 

Body as the Body is inclined. —Let Ji ho the jiosition ol‘ tlie centre o 
buoyancy (fig. 30) corresponding to a plane of flotation, and let C he the 
position of the centre of gravity of this plain'. ^ 




*Fio. 36. 


Let C V be pajjallcl to the sftis ab#ut whicli the hoi^'^ reccivits a^ small 
inclination, and therefore j^^rpcndicular loathe plane of inclination. 

Choose as axes B V, BZ* where*B Y is parallel t(>^C V and the plane 
A Z is parallel to the plane of inclination. 

Let C have as coordinates y, z, relatively to B. 

Then the ^lane X Y parallel to the plane of citation. 

Suppose^the lipdy has Received a smitll inclination d6 about C V, and that 
the axes remain fixed relativ'^ely to the hodj^'. Then the centre of buoyancy 
will have moved from 1^ to some position B„ the coordinates of^hich a/e, 
say, a, ^^ud V •• • \ t 

The of®nary method of calculating a transverse B M applies to iho case 
of a body symmetrical g,bout tJie line CV, which in a sliip wc^ild be the 
Middle line of tfie wfteiqJlane.^ 

I» this special case, for a very dhiall inclination ‘the transference of the 
volume of the wedge having its C.G. at on the emerged side takes -place 
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in a plane parallel to on the submerged side, i.e. is parallel to plane 
X Z and lies in the plane through C. 

• The moment of transference ^^*1311^ 

where v— volume of wed|e of siilnnersion or emersiQU, 

„ dispficenient, 

= shift of centre of gravity of wedge, 

11 J3j = corresponding shift of the centre of buoyancy of V, whidi is the 
* general case. • 

If the waterplane is not symmetrical about C V, then will not 

necessarily lie^m a plane parallel to XZ, but in some ])lanc inclined to it. 

The relati{)n \\ B 11, —?'.//( will still )je true, and in the case of non- 



Fic. 37. 


symmetry we can consider the projection* (»f B B, andy, y.^in tjje pianos of 
reference. 

V.a - v{n ^c + (•// ,) I (/O (/// I rr <ir d// 

-M. ' 

!'(«/'] j j ji/v-i'IV <Jr dt/ 

--=’kVw. , 

•v 

For cl^irness, only the emerged side is shown in fig. 30. 

The direction yi the pl.yie X V in uhieh the venlrt’of budyancy moves is 
thereforof given by ^ ^ 

‘ tan y = where 7/=angV* XBhL 

a .1 i 

. •' 

Again consider tlie ellipse of gyration (tig. 37). 
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Let B X Z be the plane of inclination, B Y the axis of inclination (fig. 36). 
Draw T C a tangent parallel to 15 Y (fig. 37). ^ 

Then \VY — ^ee }). 14. 

TC.BT-K. ‘ ; 

tan (inT= =laii (•1!T=,/. 

Therefoy'e the rmhu^ veHor of -he ellipse <tf i/tfration fur the phtiie of flotation 
gives the direct tov of motion of the centre uf huoijaneg irhen the plane of 
inclination contains the jierpcndtcnlnr to the tangent of the ravins vector. 



^ In the ellipse of gyratiTii, fig. 38, let,!' be the moment of inertia about 
an^axis B Yp b*i 

Then 1 —jr i~ wheje k is a constant. 

If we call I,, and 1, the principal moments of inertia about the axes BY 
and B X respectively ' id 

""i In'll = 

Mild . 1,- W 

^ ' • t 

also 1 — I, cos- sin- (t. 

m = COS" B + m^, sin‘^ 
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where m = 


This tlu^ valiu^ of m for si })l5iiu‘ of iiiclinsition -at 6 lo the principal 
sixis li X. . 

Metacentre for any Direction of Inclination.—To incline a vessel 
in any direciion sucli as H fiir. 3S, it is nccessaiy to apply a couple in a 
verticsil plsmC'p.'irsiil(‘l to B (1 This is not psirsillel to the j)lsine of inclination, 
sxnd consivnKintly two consecutive verticsils, tlirou<^h consecutive centres of 
huoysiucy, will not m'liersilly iutcrsei't. 

The metsicentn* hsis been dcliiu'd (C-hapter IX., Vol. I.) as the projection, 
on the plane of inclination, of the line of shortest distance hetween consecutive 

verticals. Tliis shortest distance will be /i (fig. .36) = ^d6>. horthe principal 

axes K is z(‘ro, so tlie corresponding inetaceutres are points actually in the 
plane of inclination, and not projections of the line of shortest distance. 

Tile apjilication of the iiictaccntre, as defined above, has j.iostly been for 
positions of e<piilibrium and for directions of inclination corresponding to the 
principal axes of the ellijise of gyration, /.c. of the transverse and longitudinal 
directions of iucliuaiion for a ship in the upright. For iutcrmtcnate directions 
of inchnatioi) and for liiiite inclinations to the upright in a shipshaped form, 
the nietacenire may better be defined as the projection of the shortest distance 
between consecutive verticals, through consecutive centres of buoyancy, upon 
the vortiiail plane passing through one of them and parallel to the plane of 
inclination. The locus of such rietaceutres will, in general, be a curve in 
three diimmsions, and will always he a closed curve. Such a curve caul’ll 
generally, only he shown by its projections up()n planes of reference. For 
practical pur[)i)ses it is .sufficient to show its jirojectioii ou a [daiie parallel to 
the plau(‘ of iiiclinatioii. Tliis projection has been called a “M'tacentric 
Evolute,” and sometimes \\. “Curve of Bro-Metaecutres.” 

It i.s, however, necessary to hear in muid tliat the real curve of metacentres 
is a curve in threi' dimensions, and the curves of met.*^ centres usually shown 
are only projections of therroal curve. 
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METHODS OF FINDING STABILITY. 

[n studying tiu' staliility of a acssoI diu" to form, it is iim-ssary to know the 
stability of ftiv \ .-ssfl afall amdi s of hool and all displacements. \Vc have 
jeon tha+ a eoiu[>h‘le rc'pn\seiuat'''f of the position of thef'Jl.’sof any form 
mn b‘. li aIc bV'a serii's ( •' i^'o >ls and isoclines. If we select oiu' condition of 
blRj vessel, a*nd didennine ibi' that condition the displacenaait and the corre- 
jponditig ])osition of centre of gravity, we can easdy get from tin' isovois and 
isoclines Iho oi ■' statK'ai stability curve. If we eonsidi'r the displacc- 
ineiit variable and the centre of gravity li.\ed, we are able to gt‘t a siu’ies of 
3ro8S curve's of stability for a. series of angles of inclination, tb'nce for a 
Tiven position of ^.’.(1. we can obtain from tin' isovols and isoclim's ordinary 
[iurves and cross curves of stability, or, what is the same thing, the surface of 
stability corresponding to that position of C tl. TIk' work of obtaining a com- 
plete set of isovols and isoclines is laborious, and it is not necessary for 
ordinary cases of vessels, wiiere the staliility is only nspiired to bo known for 
.1 small number of special (;onditions and for w limited range of inclination. 

Tl|^) conditions of a vessel during siTvice lim#t the range of displacement 
between the light and load draughts. At tlie commencement of a voyage 
the vess(d is generally loailed to her deepest draught The weights which 
she is carrying may be of such a nature that tlu' centre of gravity of the 
loaded shi[) is daiigerouslyjiigh. A vessel with all Ikm’ holds full of a light 
iargo and a (piaiitity of timber stowed <iin her weatlier-deck ; or, a light draught 
passenger steaiper crowded with a large numlK.*rof pas.sengers on the top-deck, 
ire of this natu'V' The loaded conditions in these would most probably 
be less stable than the respective ligdit coftdjtions. During the voyage .the 
j^ndition of the ship varies :*coal jyid stoics be^'ome graduidly coriisuined, KO 
thanho vertical positifti of the centre of gravity of the vessef may be altered. 
A.t the end of tin' coyago the stability of the vessel may be very clifFercnl to 
that at the beginning. 

Sometimes th^ stability of the vessel has to be uilciilatod for conditions 
juch as launching oje^Jry -docking, which are lighter tlian tlie ‘‘light draught.” 
In the launching condition the weight is madr up generally only of tlie steel- 
PTOrk and a part of the \v(^od-work. Ti. tin; dry-docking condition the mter is 
irery often er^tied out of !he boilers, and other weig^-ts may li^wc to be taken 
iutof the lower parts of the ship. , 

We have seen tliat tlie inetacg;nlric heiglit (J M i.s a measure of the*stability 
in flie uprigljt, and' generally it is^mfJicieut to know only GM for conditions 
«rh©n the vessel is in smooth water or ifi harbour ; but it is important to have 
surves of stability for a wide range of inclination for the conditions that the 
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vessel is to be in at sea ; and in critical cases in harbour, it is desirable 
to know what is the stability at finite aiifrlos of heel, so as to be able to judge 
pf the reserve of stability availal)le for provision against loss of stability due 
to accidental change of position of tlie C.(J. of the sliip. 

For an ordinary seti-^oing jiassenger and cargO steamer, die following 
conditioi s sljoidd be examined : — 

(1) Vessel in liglit condition. 

(2) Vessel in load condition. 

(.‘1) VeSsel fully loaded -coal burned out. 

(4) ,, „ „ coal and all consumable stores out. 

(i")) Vessel as in iS'o. 4 — water liallast in. 

(fi) Vessel with a light cargo completely filling the holds, and as in No. 4 
(condition belweim light and load). 

For each of th(*se conditions the displacement and [losition of C.G. must be 
determined and recorded on the mctacentric diagram as alrei.,dy described, 
Vol. I., (4i. X. p 120. 

It is usually sntficient to know the curve of (1 Z's in terms of 6 for each 
condition. 

The (juickest and most accurate method of obtaining the curves of 
is to use an integrator and to, first, determine a series of cross curves"^^,, 
stability, from which may be deduced the ordinary curves stability for t^- 
special conditions stated. An integrator is not always available, and the' 
method known as Barnes’s or some eipiivalent method of jiolar integration is 
adopted, whereby measured ordinates are integrated by Stmpson’s Knles. A 
third and more modern method is that of finding the cross curves by combin- 
ing the nsi' of Tchebychetrs llules and the integrator or integraph. These 
methods will be described in Ihe following ordm*: — 

(1) Th(^ method of obtaining a curve of (« Zs directly from a prepared 

body-plan by tli(‘ Barnes’s process of jiolar integration. 

(2) The method of obtaniing a series of cross curv(“s of stability from a 

])repared bodv-plan by the integrator, and from these the curves 
of(;Z, 

(.*1) 'riu' method of obtaining a series of cross curves, isovols, ard isoclines 
liy the application of Tchebychetrs Rules, combined with the use ol 
the integrator or integraph. , 

Preparation of a Stability Body-Plan seeXig :U). -in the body-plan 
or stability (;al(Milationi-hy any of the methods, the sections are made to show 
Jie water-displacing portion of the hull. In an ordir ary sti'ol ship, with an 
‘in ” and “md ” system of ^hell plating, it is usual to draw' the sections at 
iistanco of one luid a half times the moan thickness J shell plating frorp the 
noukled sections. With the joggled system and with the Hush system of 
plating the sections are drawn at a distance equal to the Ihiekncss of the 
plating. In shoatlied ships the sections are made to the outside of the 
iheatliing. The sections are sometimes made to sho • the outside form of 
the appendages, such as shaft bossing, keels and bilge kneels, but only if th^J 
volui...is of these ajipendagos are wortli takin^^, into account. These ap^ 
pondages may, howevci’, he left out from the initial stages of the calculation, 
lud 'included afterwards by making an ajqiroximate calculation of their eflfect. 
The sections are continued up to the WTatlier-deek, and are made to include 
the round of the beam at the top of the w lod or steel dock. Op the weather- 
deck there are usually appendage.s in the shape of deckhouses^ casings, 
forecastle, poop, bridgehousc, or other watertight deck erfection. These have 
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a considerable effect on the stabiliti' so soon as the angle of. heel is great 
enough to submerge them. The effect they produce on the stability may be 
calculated separat 'ly as an ajijieiidage eorrectiou ; but if llieir volume is large' 
in proportion to the displaeemeut, or if it )a. easily iMt!, ,aterl irT 
better to incMdo them h/the e.aleulations at the aSimmimv s S t ny 

case they shoii'd be shown on the body-)>lau. • r- ^ aiy 

Iho cuds of the ileek erections, as far as possible, sliould be made ston- 
points m the longitudinal integration. This is arranged in tig. ;)!). wl idi 
show, a stability body-plan for a hallow draught steancr ^ 



Fm. 39. 

Ihe deck ercftioiis of the ve.sscl shown by this hgnre are a full forecastle, 
a bridgehouse, aiK^t raisefl quarter-deck: These erections end on section 
i OS. y, and 1, wjjicli are stop-points in tli5 longitudinal integration. The 
spacing of the seefions is,yj aceordanee with 8iinpson's First Jtnli'. ^ 

For inot^ds ( 2 ) and (8) bodj-plans, as d(\scrihed' must lioi drawn, but for 
t)Oth sides ot tlie vessel. Tt is convenient td^lraw both fore and after bodies 
>n the same body-glan, ^ind to ms^ve a distinction between them, eitiTer bv the 
JOlouring or.the dotting of the liifes. 

Mafly methods have been deviseef for obtaining GZ curves by polar 
n egration, but they all more or less contain the principles involved in the 



52 


THE DESIGN AND CONSTRUCTION OF SHIPS. 


following pra^ess, ditforencos consisting largely in the arrangemonts for 
tabling the figures and calculations. ' ^ 

- The Barnes Process of Polar Integration —Tbo method of polar 
intogratioti was first applied by Barnes, and consc(]uoiitly it is eenerally 
referred to as Uarnes’s Method. ‘ ^ 

Ihe wiriiiulfo used in this luethod are the following : — 

V . J 11 1 'Wj . 0 // ^ + n,,. oh ± ( 7^2 - ) 0 ( 1 
V. lij( =• + t/. f/o/to - {iK, - 7;^) (> 

These fcuuuho have been discussed in Vol. 11., (’h. 1. p. 4 
equation gives the righting moment at the angle d. 

Highling moment V.dZ = V.iUt - Y.H(1 sin B, 

E(j nation gives the dynamical stability V.A where 
V./f = V.llj |{ - Y.P>(4 vers. 

The above oijuations may be expressed in words. See fig. 3, p. 5. 

Ihe rigliting moment \ XIA is equal to the sum of the moments of the 
wedges of emersion and submersion about O or miinfs .^loiAwnt of the 
correcting layiu' about O hu'mts the expression V.BE sin B. 

1 he (jiK'stion \\ bether the moment ol the coiTectiiig layer- in formula (1) 
is 4 - or - may lie decided froin the following coiisiderations. in formula (1), 
when the eoneetion is an emerged excess with its (\(«, o-u'the emerged side 
or a submerged excess with its (\(h on the suhnu>rged side, the correcting 
moment is negative. AVhen the eorrc'ction is an emerged excess C.U. on 
the submerged sid(', or a submerged o.xcess 0.(1. on tlie emerged side, the 
correcting moment is positive. 

The correcting layer moment is always mJirus in (3). i 

The dynamical stability \.h is equal to the sum of the moments of the 
wedges about tlu- new waterplane, minus the moment of the correcting layer 
about the now waterplane, minns the (‘xpression V.BO vers. B. 

Thus, toolitain tlio righting moment and the dynamii'al stability at any 
definite angle of heel, we have first to find the voiumos 7 q and v., and the 
moments of tlu' wedges of sulimersion and emersion. ’ 

These voliin^xs and > moments can he found by the polar method of 
integration. r 

Let ns first examine thc^^ expicssions- for the volume and moment of a*' 
wedge such as is formed in a shipshape solid by two consecutive waterplanes 
W L and L^, as in fig. tO. 

Let Oo he the axis ^if the wedge coi responding in the ship to the longi- 
tudinal middle lino axis at O. . ® 

Let OAB and oah he two transverse sections disuiut .iq, and 
a section distant (f.r from 0 A B. (fiioose a small part like that shown shaded; 
between two radii very cjose together, at angles B nud B + dB from OB. 

Let the polar distance (.) P of the ehunent from 0 he 7 -. 

The elemental area is therefore dr x reW, 

Therefore the area between two consecutive radii = 

■ Therefore the area of the section OAB I jrdB.dr. 


. ( 1 ) 
.. ( 2 ) 

The first 
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The volume of an olcnioiit!)! lavor iiiade liy the soetioiis 0 A B and 
O' A'B' =• j j^nie.i/i-.dr, and tlu-i-erorc the lotiil velnme of the wudjje 

I j jnWih- A, 

If o, = aiifrle fi A and .r, -- 0 «, volume of aedfje 

i''‘. 

where represents tlio polar distance of any point on the side IWur. 

Then total \oiuino ()i‘ the \ve(]^c = T ' r r^~f/0.(/.r . . ns 


b 



0 — sin 0 . 


and 


Therefore the totaJUn'ouienl of wed^e ahonit 11 ^ J j cos 0 dO dr (2) 

” . •» ,0 1i'=,/,j sill (3) 

Applying these formula! (I), (3), and (3>to the wedges of fig. 3, and 
Calling rj the pohy megtsurf^ineiitSi of wedge Cj, • 

f“d,. o • v._„ 

the Infiits for .r become 0 and L, tlie length of ship ; 

if ^ a 0 „ a, the angle of inclination. 
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*^rherefor(‘ 


<1} 

>y' cos B.dO.dJc, 

and 



}’? cos OjlO.dr. 

t ' 

.'liso 


-j:./: 

\\“db.d 

and 

a, 


!' ^dO.d.v. 


Tlic point r whicli IS till' r I/, of the cornrtiii^’ layer can be found when we 
know the aiviis and rj/.'n of the radial plane, and some ])lanes parallel and 
near to il. ‘ ^ 

The inomenl al»ont Oo of the jilane OlW/o—}, 

"J 0 

Moment for both planes = I / {ly ~ 

ll (ty-iyyh' 

I >istanoe <’. 7 . of whole plane is from . ' 

‘ / *■' 

/ ('’] + 

I ' ** 

'the ex])ression I / con 0 df 

can be intei,n’ated by first integrating r,’* in the direction of ./■ for a 
series of values of for values of a chosen to suit the spacing for Simpson's 
Rules. 

TIh'so values of j}y\d.r. can then be multiplied by ca)s 0, and integrated 

polarly to give tlie moment of the wedges. 

This operation is the same for the emerged as for the submerged wedge. 

Similar operations must be carried out for j jiyd,r.(/0 for the volume o: 
the wedges and r^-dr for the moment of the watcrplane areas. The integra 

j^?\d.r. isailso reipf^red to give the a^’ea of the radial plane. 

To suit the ])olar integration thto incline/Tl watOrplanes are chosen radiating 
from the jioint 0 as in tig. .‘19. ' 

WO L in the figure is the horizontal \\ater[>lane cutting otl‘ the displace 
mciit corresjionding to the condition for which we want a curve of righting 
arms. Through 0 a number of waterplanes are drawn ak equal angulai 
intervals, A waterjilane must be drawn passing* througx. the deck-edge ai 
ijide. 'J'his waterplaiie forms :l necessary stop-point in the integration 
becausi)" the deck-edge forms a point of disco^\Rinuity, in the radia 
waterplaiie areai 

It is 15”; and as it must beithe third or fifth or so on ordinate in th( 
polar integration to conform to continuity for timusq of Simpson’s First Rule, tin 
angular interval must be 7^/ or or suclP angle as divicles th^^ deck-edg( 
into an even number nf intervals. In tlie case given in fig. 39, TJ’’ is'takei 
as -the angular interval. 
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Modm Operandi of ihe Polar Method. 

Two kinds of tables are us('d. The first, called the Preliminary Table, is 
arranged for finding the expressions j rd.r, j /-j-V/r and j for eacfi 

waterplaiie. The other table is called the ( umbinaiion Table, and completes 
the integrations' tl'<‘ expressions 

I r-(l(i d.v, I I r^ cos O.dB.d.r and 1 / sin 6.d0.t{,r. 


Preliminary Tables. 

It will be seen, p. 56, that each Preliniinarv 'I’able is divided into two parts. 
The top part is for tin; subnx'rgt'd wedge, and the bottom [lart for the emerged 
wedge. To complete these tabh's, pleasure for each table and waterjilane the 
distances r se<*,tion along the radial plane from O, and tabulate for 

submerged i n^mged sides the results umh'r tlie heading ordinates, 
opposite to the nuuibei' of lie' >(vtion. Fill in the column Simpson’s 
fc^Multiplu "s^acrordnig t( 1'-. ioiigiludin.-d spacing. Fill in the subseipient 
columns by first stjuanng .md then cubing the ordinates. 

Wo have thus c(fiumns ■iiing the values of Cj, rf, and for submerged, 
and in ^ ’■ ‘'or the emerged sides of the waterjilane. Use Simpson’s 

' Multipliers, and add tlie results to obtain the functions of and ?’,•*» *^nd 

so get the exp 'cssions j and jrfdr by dividing liy 5 and multiply- 

ing liy the common interval. To avoid large numbers in the Combina.tion 


Tables, the values of 


^ are added and dividi'd by 5 in the Preliminaiy 


Tables, and these numb(‘rs are then used in the (5>mbiiiation Tables, the 
whole lieing multiplied by the common intciwal afti'rwards. 

The three fum'tioii columns are not :^re<*ted by Simpson’s Multifiliors 
until 4 ised in the (lomhination Tables. Tfie fiirtctions of culies for bulb sides 
are added together in tlie I’reliminarv Tables. 7V/e Cominnatinn 7'ahle is 
shown in Table, p. 58, and is ai'raiiged to complete the jiolar integration 
^ for one a<igle of licel, and to obtain (IZ and the dynamical stability corre- 
sponding thereto. 

Consider the Combination Table for the inclination 40b Set down in the 
first columii ( 4 ) 0”, JO^^O', 50", 40 , and in the second (B) the functions of 

J r-ydx from the corrt|spoiiding Freliln inary ^Tables. ^ hit in third cohimii (C) 


the corresponding fun^'tions of i^7*'dx anA iiitfigrate them 4)y the Simpson 
Multipliers in column (D). We get in the column (F) the function of 
J'rf (iv d$ w'hich, when multiplied hy half and the Simpson’s intervals divided 
by three, gives ?^p^he voMme of the submerged wedge. Similarly, we find 
the value j rf dx dO for the volume of the emerged wedge. The diJTerence* 

of these tw ^, volumes Ihercfoi’c ri'prcsebts the volume yf the correcting 

layer, and if this lie divided hy the area (rf the waterplano, we can get its 
approximate thickness. ’IJjio ,ir*oments of the wedges v^oh-^ and are 
obtained integrating in the ri^it-hand side of the Combination Table. The 

first column (F).is for the functions of ^jr^^dx-h jr.fdx'j w'hich have been 
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summed in tjie Preliminary Tables. The next column (G) contains prodw^ 
of the column (F; by Simpsons Multipliers, (yolumn (H) gives the cosines of 
tjhe angle of inclmation of the respective radial planes to the angle of the 
waterplane up to which we are integrating, in this case 40' . Write down, in 
order from the top, eos 40" .... cos () , corresp.hiding to the planes 0“, 
10°, 1 * 0 °,/ .40', 10'. The ne.\l column (K) gives the product of columns (G) 
and (H), which, wlien added, give the value of the function of 

III ly' ilrjio. L'I>» e H- I I /•/ (h- dO (m 6/ 1 ; . 

if multij)l]cd by one third of the circular measure of angular interval and the 
longitudinal interval and divided by three, this gives (e,.o//, -f the 

moment of wedgt's uncorrectod. 


SrECiMEN or Pkki,iminaky Taiu.k 


WATKinUiANK AT 40" (say) iNCUNAriON. " 
Suhmcrgrd il'edge. 


Num- 
ber i)f ' 
Onh- ' 
Iiu1,i‘.s. j 

Ijcn^tljs 
of Ordi- 
nates. 

I’ro- 
(iuct.s 
S.iM. of 
Ordi- 
nates. 

tS'juan'.'s 

of Ordi- 
nates. 

S.M.| 

1 

1‘roducls 

of 

Squares. 

('ube.s 

of 

Or<li- 

nates. 

S.M. 

Pio- 
lih ts of 
(fuoes. 

t 

1 ' 

0’2 

1 0'2 

0*0 

1 

0-0 i 

0*0 

1 

c 


2 1 

4'0 

1 Ifi'O 

16*0 

1 

61*0 • 

64*0 

1 

256 0 


.3 

S'l 

2 16 8 

70*6 

*2 

111*2 

502*7 

o 

1185*4 


4 ’ 

7 a; 

4 30*4 

07 '8 

4 

231*2 ' 

439*0 

1 

17.56*0 


5 

i; 

6-0 

o-i 

2 ' 13-8 

1 , 24 •-! 

4 7 -6 ^ 

4 

1-18 -8 

329*0 

2*27*0 

1 

6.58*0 

908*0 


7 

rc8 

2 11 6 

3? 6 

2 

67-2 

105*1 

2 

390 2 

, 

s 

f) 4 

4 , 21 -6 

2502 

1 

116*8 , 

1 57 *5 

‘l 

630 0 


0 

ft -a 

2 10 4 

27*0 

1> 

r.4‘0 ' 

1 10*0 

2 

281*2 


10 

:V(i 

4 ' 22*t 

31 •] 

4 

12;'. *6 

17;'. *6 

4 

702*4 


n 

0-1 

1 1 t)*4 

' 174 0 

41*0 

1 

•1 ' 

41*0 

,1085 0 

262*1 

I 

262 1 

7020*3 


Kuiiction of aira of | ■ 

incliiiK] W.]’. 1 \ 

4 

Fimetion of j j 
moment of j ; *7 

an^^' Jl 

J'jDiargrif IFedifc, 

t 


231.1 1 

1 1708*2 

40.51*3 

i Sub. wedge 

1 Fin. wedge 

[ Both wedges 

1 

1 

1 — . 

- - 

r — -- - 

— - 

_ __ 

— - 

— - 




1 1 

0-2 

i 1 0-2 

0*0 

1 

0*0 

0 0 

1 

,00 


1 2 

2-1 

4 !»'(} 

0*8 

’ 4 

23*2 

10*8 

4 ift! 5.V2 


3 

1 r» 

2 9 0 

•20-3 , 

o 

40*6 

01*1 

2 

182*2 

1 

4 

etc. 

t)-0 

4 24 •<) 

ete 

144*7 

•i 

36*0 

* 

4 

1410 

etc. 

8*i0*8 

216 0 
i ♦' 

1 - 

4 

3 

861*0 

, f. 121 b" 

1 

1 

i 

1 

Function of area 48*2 

Funetion of! 

* iiionieiit of 1 

4 276*0 

% 

i 

" ■ 

, \708-2 

Km wedg& 


I . 


area 



METHODS OF FINDING STABILITY. 


6 ? 


The volume of the correcting layer has been found.. 

The C.G. of the correcting layer can be found as follows 

If the volume is small, the (‘(1. of ujiter]dane is obtained by 

dividing the ^ I into A //i), which will give the 

C.G. of the correcting layer with sutheient aecuj’acv. 

The true thickiiess oi the layei' can be obtaiin'd as I'olKiws ■ 

If is large the ai)proAmiate thickm'ss of the layer is j (rj+r„)dJ 

Draw a new waterplane U N (lig. 42) at the distance of this thickness 
from 0, and find the area and moment of this now plane about 0 D, a 
peipendicular to it through O. If is very large it may be necessary 

to draw an hioo^’mediate waterplane and (ind its area and moment. Plot these 
throe monv;ni .-nd fiyd the area of this moment curve. This will be the 



moment about 0 V the layer bounded by the plane M N and W L. The 
area of the #irea cur^^e will give the volume of this layer, wliich w'ill 
generally be nc-: (piite equal to so that a s/nall further correction at 

M N must be made,*wdiinh oilers no difficif^y. Also, the area of the namient 
curve, divided by the area of the aiica ciirv*^ = d wtauco of C G j)f layer from 0 P. 

The coiTcctcd mofneut of wedges is V.Bll ; from this w-e subtract V.BG 
sin 0 and w^o get V.GZ, and dividing by V we get GZ. 

Y.h is got in a similar way to V.GZ, c.\ce})t that we have a new column 
for sin 6 instead of cos 0. ."iid a new' column for etc. 

The sign of corrt*ction for lay^r is determined" from the formula 
already given, and ny*y shortly be remcnfl)crerl by the phrase “like sidqjj 
give a negath^orrectj^ii.” A])pfndage corrections may have to ^ made 
for bilgc-lyi<ite7shaft-bos.ses, and propellers* rudders, park.ial or complete 
deckhouses, but they are all simply corrections of the position of the centre 
0 ^ gravity of th(^ sul^nerg^d «^(5lumc, and their cfleet is determined in the 
same way gs the other correctifuis, viz. by taking moments about OP. It 
must be remembered that the buoyancy added in underwater appendages must 
be deducted at Ihe waterline, so that the real volume of the layer correc- 
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Specimen of Com hi nation Table. 

« 

Stability \t 40” Inclination. 

I * Siiliincrged WedL'P. I lioth Wedf^es, 


Siiliincrged Wedge. 

B. (!. 1). 



< 

Ji 

0^ 



. 

u-l ^ 

o .2 

c K 

tfl *•' 

^ . 

pliers. 

o 

c 

< c 


w ^ 

oO 
f J 'o 

3 

£ 






0" 

1 

460-6 

1 

460 6 

10" 


525-8 

4 

2103-2 

20” 


62 J *6 

2 

1245-2 

30" 


491 1 

4 

196 4-4 

40“ 

' 58-0 

361*7 

1 

361*7 




(/e 

6135 1 


Statiea] 

Stability. 


Dynamical 

Stability. 


4215*9 

Dillereiice I 1919*2 
2 ' 

959 T) 

i Angular interval *058 


I 732‘U-8 I 
24411 •e'i ^ 

Angular interval *0.')8 

195 -29 ' 

1220*58 

1415-87 

Longitudinal interval 9 


1 ]\Ioinent of wedges uncor. 127 12*8.') 

65*0508 ^ (Wrection tor La\er 200 40 

Longitudinal intei val 9:* 

-- , . ^ -r DisitlaecmenL 5425 

Volumcof 

('.orreetiiig layci ) . _ 


*502 l>O'erv0 *18 


“i BO sin 0 *78 X *04 3 = *502 0 Z = 1 81 


Emerged Wedge. 


An-a of Inclined Waterptane 'Iliiekness of the 
Kunctpm ofare.^, submerged bide ^58-0 liijer* 


0“ 

... ' 460-6 

1 : 460*6 , 

10“ 

... ' 399-ff 

4 1596 0 1 

20" 

,. ' 341-2 

2 682*4 1 

30° 

... ' 300-0 

4 1*200-0 1 

40° 

48 -2 ' 276*9 

1 276-9 

^{r.r>ix<ie 1*215*9; 


emerged 

•• 

Total 


Longitudinal interval 


955 8 area 
-524 


Correction for GZ. 


Function of moment, sub side 361 *7 
t ,, ,, ein. »L 276 V 

Exciss on submerged side I 84-8 


!?-1-^..?=*0-4 ft. 

955*8 

— Distance of centre of area 


C (1 from 0 P 
501 X *4 = 200*4 

- 

Correction for h 
•524 

501 x»-^*(approx.) 

= 501 X *262 
= 181*2 



ijiiivyjufo »'jr j7ii.Tn/jLi.njr J. i. 
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tion is not simply bnt this with the volume of appendages subtracted 

according as (?;j - is positive or negative 



TiiK? dynamical stability, or rather V. lijll, is*i‘oiind similarly to the V.lUl, 
except in column (L) the; sine is filled in, and the product of this column 
with column ((1) int(!grated and multijdied by tJje same factoi's as for 
.statical stability give the uncorrccted V.BjR. To correct for the layer, its 


GZ 

’U"~-o.ifT : 




METACENTRiC 

HEIGHT. 


JiCALE FOR ANGLES 0F» INCLINATION , 

Flc. 43. • 

moments nuis^*<!*1/aken jfbout the waterline* W L ^nid subtyicted or added 
according as^tlm sign of (?;, - r.,) is positive o^; negative. 

To obtain OZ the value B is subtracted, and the remainder 

divided by V. • t 

To oi)tain* the dynamical arm V.JiU'vers 0 is subtracted, and the remainder 
divided by V. • 
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The re8i\lt8 of such a calculation are plotted in the usual manner to 
recognised standard scales. 

^ The base line is used for degree measureinents to a scale of in. == 1 . 
The ordinates are values of (.x Z or dynamical arm, and are set up to a Scale 
of I in. = i\t}i of a foot. • 


In ejfch case the ordinate to a scale of 




the statical or 


dynamical ^lomeiit of stability in ft. tons. ' 

At the abscissic value of 1 radian, or 57*3°, an ordinate is Visually drawn 
equal in length to (1 M in the upright. In figure 43 let AG be the statical 
curve of stability from the results of the (;alculation in the tables. 

On this curve o/> = GM. 

Draw hA. Then A A is tangent to the curve at zero degrees. 


We have already seen that 
and 


IIM- 


d6 


I 


8ee p' 10. 


dd 


f. c?GZ 


when 0 approaches 0, Z ap])roaches G, so that for zero value of - - = GM, 

du 


so that the tangent of the angle which the tangent at A 'y\i '.he axis 

of .r ecjuals G i\I. If, therefore, we set off GM ^ab at d = 1 and join AA, we get • 
the tangent to the curve of G Z at zero. 


Similarly, 




cW 


BG sin (9-f-GZ. 


But 


Hence 


B,K-BG vers 0-h (see p. r>'>). 


(f‘t Bi b> i>< < /I 

-'--i— -BG sin 0 

dO 


d_h 

do 


GZ at 0° is zero, 

hence at 0“ is 0, . 

d^ 

that is, a curve of dynamical arms has always a. horizontal t-^ngent at 0°, or 
at any other position wlVre G Z is 0. Ijenc.e a condition of equilibrium is 
that the curve of dynamical arms^hall have a horizontal tangent. 

Determination of Cross turves using "the Integrator.— We have 
seen in the general treatment of the stability of a* floating body (in the 
discussion of a surface of stability) that cross curves may be readily obtained 
from a series of ordinary curves of statical stability (GZ), and, conversely, a 
scries of G Z curves may be obtained from the cross curves. Hence if we 
require curves of statical stability for several cdiulitionf^of a vessel we can 
^obtain them from a scries of criVss curves which ha>'' been constructed for a 
ranges'’ displacement varying between the lightest ^Vid' Hie^heaviest draughts 
for which the cvrvcs are required. A method of determining curves of a 
given vessel by means of the int<<>grator may now be described. An ordinary 
stability TKxly-plan with sections for both std#s (if thg «bip is first prepared 
in the manner described for the polar metlfod. The limits of (Jisplacepieajj 
must be determined within which the cross curves are to be made. IR order 
to ensure accuracy within these limits it is important to* make this range 
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greater than, that from the light to load conditions, as the form of the curves 
for the extreme conditions is more accurately determined by having points 
outside the liioits. The cross curves are generally “ fair” curves ; and if the 
spots are detei’inined at some displacenuint outside these limits, the curves 
thomsolA'cs ai'c more easily drawn, and consequently Vewer spots require to be 
determined between the light and load displacements. On a separate tracing 
paper a series of parallel lines representing wattu’planes .is drawn. The 
number of those waterplanes is generally from four to six, according to the 
nature' of t1»e change of form of the vessel within the limits, an-d the distance 
apart is determined by placing the paper over the body-plan so that the 
lightest anc], dee{>est waterplanes are at a less and greater draught re- 
spect! vely than the light and load waiterplanes. ^The position of the water- 
planes has to be judgi'd so that they contain the required range of displace- 
ment. On the body-plan axes for momeibs may be drawn, so as to radiate 
from a common point such as the top of the keel or any other tixed point in 
the middle line. The angles of inclination of the axes' corrc'spond to the 
angles of inclination for wdiich W’e wish to determine the cross cuVves. 
Oenerally, the angular interval chosen i^s 15 , giving six erf)ss cui;ves, so th^t*^ 
the maximum inclination c.onsidered will be 90b Oenerally, for all practical 
purposes, 75' or •SO'* is a. suilicii'ut inclination. 

The Calculation of the Moments and Areas of 
Parts of the Sections. — It is fonnd that tiie integratoi* is the most con- * 
venient and accurate instrument for this purpose. Supjioi^e we want to 
determine the cross curve for an inclination, say 15". Th(* l)cdy-plan sheet 
is jiinned down to a large level board. Over this is pinneci the tracing with 
the w'ateiqdancs perpendicular to the 15'" axds for moments. Fig. 44 show's 
how this is done. The waterplanes are Nos. 1, 2, 5, and 4, and the axis P 1* 
for moments passes through K, the top of keel. The angle hetwoeii the body- 
plan middle line and PKP is tlierefore 15“. The fig 41 also show's bow 
the integrator is [ilaced relatively to the body-plan. The bar is laicl'dowm 
parallel to P K P at a distance from it determined by the set pieces P and P, 
and tlu! integrator is placed so as to run in the groove of the bar. The 
moment wlieel will give a moment reading about the axis 1’ K P. A starting- 
point is selected, and the tracing jioint of the integratin' is guided cloekw’ise 
over the whole of the submerged part ot one of the sections up to one water- 
plane. When th(' ])ointer comes back to the starting point tim readings of 
the area and mi^mont Aicel are taken. ^'Pbe pointer is then guided over 
the .other sections in order, aiul^^dmilar readings are tidven for each. The 
readings thus ol^tained slioiikibo put in a iable of the form shown opposite. 

Wc have thus one talde of results for one inclination 15“ and lor each 


waterplaiie Kacli reading recorded . c^'- ' ^‘^P^^Tls to one seiition, one inclina- 
tion, and one waterplaiie, and (-'•^^is^ts of an reading and a moment 


tion, and one waterplaiie, and (-'•^^is^ts of an reading and a moment 
reading. Instead of takii*ti: absolute readings fox observation, it is better 
to subtract the pn vioiis reading troin each new' readi -indlVcord tlie difference. 
This can be done in the table ih the column ‘differences” after each 

^coiuuWi leaded readings,” This metlyid avoids sej,.ing wheels to zero at 
the end of each, observation, and so avoids wearing the ms iv*. ^ ahvays in 
the same The diffom.ee joh.mi. ttierefo.^ gives the 

Ltiial areas and n.omouts of tl.o sections. If- t.he -nct.ons ar . , 


the same nima-. Tl.c difference jolnmn Uierefo.^ gives the reaai^^^^ 
actual anas and niomoiits of the sections. If. the vve \ons ar 
Simpson’s Rules the figures in the differmice column ^ '""^^ilied by the 
corresponding factors which are put ni a column at the left-hanj 
the functions which can be added up for integration. 



TA-bLE I. 

Table for CitOb^ C^^rve at Angle of Inclinati' 



2a4x20xn-i: 
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The siun of the area column gives the function of the volume for the. 
corresponding waterplanc, and the sum of the moment column gives the 
function of the moment of that volume about the axis PKP at 15* inclina- 
tion. These functions are given by and etc. in the table. 

The righting lever is found by dividing the moment of the volume by the 

volume, evhich is the sanie as x factor for scale. 

In order to determine this factor, 

Let 20 — scale of integrator for area, 

Let 40- ,, ,, „ moment. 

Let tfie body-plan be drawn to a s(‘ale of — i.e. - -1 foot, — and let 

* n 

longitudinal interval of sections ))e I feet. 



SCALE OF TONS DISPLACEMENT . 
Fic. 45. 


Then the voiimu' m cubic feet - x n'- x 20 x - , 



.After the readings have bocii^hlled in the table for the first Cross curve, 
the results should be worked out before the* iptegrator is adjusted to a new 
inclination. An error in the readings can be somotunes detected at this 
stage, and can be recti tied before the calculation for another ci^bss Qurve is 
proceeded with. Tlie process for a new eur\e is exactly the- same. 



SCALE OF 6Z 
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W6 have now a series of K N’s and displaooinents for each inclination. 
These may be set off in curves of K N’s to a base of displacements. Where 



practicable the scale of K N’s shoidd be the same as that of Z r, viz. | inch 
- '1 foot. This will give a largo ordinate, but the l)ase la'od not be a zero 
value. The manner in which this is done k shown in tig. 15. Only one 



Fn:. 47. 


curve has been drawn, for the slJvC of clearness. This figure conUiins the 
resfeilts of only one te-bre* viz. labtc^for the inclination l^)^ 

The |tctua! diagram of cross curves #ontains a scries of curves correspond- 
ing to a series of inclinations. 

VOL. II. , 



V()nditions^'* ^ l>«tween the light and load 

Higs. le and 47 f;ive the cross curves and ordinary 
enrvos for a vessel. ^ ■' 

Th.<'condaio.is f,,r which ordinary curves have l.een \ 
drawn are hdly noted. g\ 

In order to obtain an ordinary curve from the .dven \ 

cross curves, it is necessary to know the condition of the r 

0 . whnd, ordinary curves are r,.,|nired, and mvins also \ \ 

m eacli condition the coriespondiiiK <lis|ilaceiiient and \ \ 

lieiglit of conin' of gravity. \ \ 

Lot ^ 1)0 the displaceinont of any condition of the \ \ 

vessel for which the height of (; is given hy Kti. AVe \ \ 

mark on the hasc' line the disjilaceinont A, set nn an \ \ 

oidinate to intersect the cross curves which give the \ \ 

corresponding values of K N. ‘ \ \ 

MM ^ at inclination 0 . \ \ 

ihen KN ..ivt; sin ^ + (;Z, \ 

or (;Z - Ki\ - K(l sin 0. Kig. in , 

Therefore we sot (iZ values hy siihtractiinr tlie / 

correspoiKling value of K(tl sin 0. ' ^ 

Table II. irivos a list of the conditions and the eorrespondnig heights of G. 

Taiiijs JJ. 

<'Oii(liti()ii No, , ). K(V- 


liicl illation. I Sin 0 . 


K N. , K G sin 0 . ! ^ sin ^ j 

or (t Z. I 


The^iRdlKKf * chebycheff s Rules Calculations.— 

-o'l^lifie'’ ' obtaining eross^curves that has dcserihed is 

.ti by using Tehebycheff'^s Rules for the spacin^ the sections. The .i 
rule that is most coiivchient to use for a stabilii/ calc^d^yai is the three' 
ordinate Rule. The application of this Rule to shijj calculation bas been fully 
treated hi (diapter XL, Part 11."^ Vol. J. ^ 

If, instead of the ordinary spacing of seclio'lis, vvA^lis^' the lu’ee-ordin^te 
Rule for 1\*bebyclieh’’s spacing to give fifteen sections and make atabilj;ty body- 
plan, the subseipient iirocess of determining cross curves ov the^rocess of any 
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stability calculation is much simplified. To do this set off from each ordinate 
at length a section ./y J2 from this ordinate. 

The labour of this calculation by Simpson’s Rule by the integrator method 
partly consists in observing and recording readings for eacli section after the 
pointer has gone round*tIie perimeter of the section. On looking at the 
table we see that tlm readings have each to he subtracted in succci^ion and 
multiplied by the corresponding Simpson’s Midtipliers before tliey can be 
added fftr the integration. If the sections have been spaced according to 
Tchebycheffs •Rules, the readings oheniselves are functions, and therefore eacli 
reading does not requii-e to be noted separately. The pointer of the integrator 
may therefore be towed in succession round all tlie sections up io one water- 
line, and only the final readings need to be taken. 

The final readings correspond to the values and in Table, p. 63. 

The whole c dculation can be made in a table of the following form 

• . • 

RKSTTj/rs 01- iNTir.KX ro)i Kkvmncs »n Sections Spackd to Tchki; you eft’s Hule. 



• 



• 









Inelinatious. 




Watei* 



6 i 

2 - 

0 

{• 



Pianos. 


_ ■ - 

■ “ “ 

— 


— 

_ — 



1 

Ai'( 

Mum cut 

Area 

Moment 

Ami 

Muinent 

Area 

Moment 


Ptoadiiig. 

dteading. 

heading. 

Reading 

Reading. 

Reading. 

Reading. 

Reading. 

1 








i 






• 


1 

1 

2 

• 





• 

i 



3 









1 , 

4 




« 




1 

Totals 





2 a, 

4 2 ;/i, , 

1 ' 

2 wi 4 


If the three-ordinate liu^ has been usdd and there are fifteen sections, 

« * * L • 

the multiplier, alter adding the function, is p,, where L is the length of the 

vessel. 

Let the scale of body-plan be p foot. Then the multiplier for 

displacement is ' • 

’ ^20»x cuiuc feet. 


The multiplier for moments js* 


40 X X 


W 
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The multiplier for K N is 


8L?i8 

3 


4Ln^ 


The multi [)licr for K N is 2w as before. 

The table shown merely arranges columns for the readings of the 
area and ^moment wheels at each inclimition, and each waterplane for each 
inclination. , 

4Lw2 

All that has to be done is to multiply the Xa values by ^ to obtain 

displacement in tons, and the K N A^alues by 2n to obtain values of K N in 
feet, and the. information for setting up the cross curves is complete. 

In order to shorten the work, and as a means of atlbrding a valuable check 
on the corre(;tness of the work, the volumes of the parts between the wate^ 
planes are treat(id se[)arately. Supposing the bo(ly-plan sections to 
Tche})ychoft’’s spacing, we can deal with the volume up to the fir^b^ wa|ei|>]ff 
and find 2a and X?n. The values of 2^^- and 2/a for la 3 "er between water- 
planes Nos. 1 and 2 can be found. The layer betwx'en Nos. 2 and 3, 3 and 4, 
etc., may be similarly treated. All that lias to be done is to go round the 
parts of the sections and between the wntcrplanes. The last operation is to 
go over tlie whole sections up to waterplane No. 5. 

Let and bo the displacement in tons and the- im^‘^V»of the 
displacement of the part up to the first waterplane. 

Let and ///, be the corresponding quantities for the layer between 
waterplanes 1 and 2, /L and Mj the quantities for the laj^cr .between 2 and 3, 
and so on. 

Let Aj and be the values for the whole volume up to the last 
^Yatcrplane. Tlien w'e have 

A^=-- i-dj + cL 

= Mj -p -p 9?i,f “p W/.J. 

This gives a useful check on the intermediate steps of finding the 
displacement and moments of the volume up to the intermediate waterplane.' 

KN, = |', 


Aj + (7i 

KN 


KN^ 


A^ -P //, -P dj -f d^ 


stability by the Integraph.— If the sections are spaced for TchebycheflTs 


two-ordiiiate Hide, it is convenient to divide the length of the ship into, say, ten 
equal intervals, then to space off TcheWchtjff’s abscissm f \ x on either 

\ \/ o 20/ K. 

side of each of these divisions. 



METHODS OF FINDING STABILITY. 


69 


Sections are drawn where the Tchcbycheft' ordinates come giving twenty 
sections in the body-plan. 

The rule for three ordinates can be conveniently worked by dividing tlje 
length into ten divisions as before, and spacing oft' tlie Tchcbycheft’ abscissae 



Fie,. 


60 . 


f 2- . fro-; divisions Nos. 1, 3, 5, 7, 9. 
ordinates. 


This method gives fifteen 


It is ncce:;s{)ry to make a stability b(xly-plan of complete sections. 

Vessel in tiie Upright. — We can draw the displacement curve by 
means of the integraph in two ways. 



(1) By integraphing fhe areas of body-plan sections, and then summing 

up the ir^lt^erseci^ons of these integn^ilis with the waterline (f.^ 

(2) By snnuiung up the waterline ordinates so as to makc^^a curve of areas 

0 ? watcrplanes, and then intcgratiiig this curve (fig. 52). 

The second methQrl is tlio o«-*er. • 

To obtain from displacement^urve the C.B. curve (fig. 53) : — 

Let 0 D be the displacement curve in terms of draughts 0 X. Integraph- 
ing this curve along 0 X we get a moment curve 0 C. From the moment 
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curve wo can get the centre of buoyancy corresponding to any waterline a c 
by drawing the tangent at c to intersect 0 X in B. As there often is a 
practical difficulty in drawing the tangent, wc may use the method described 



at p. 163, Vol. I. Let d be the intersection of the watcrlii^i^^ln'he dis- 
placement curve. 



. Fio. 53, 


represents displacement to draught 0 and an represents the 
moment of that displacement about the waterline a{ a, ' 

ac . . *' 

^ distance belo\^ a r of the centre of buoyancy corresponding 

to that waterline. 

In this way the centre of buoyancy heights can be obtained by finding ratios 
ac to u d) ami setting them off in terms of draught in the usual manner. 
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Passing now to the consideration of the vessel in the inclined 
condition. See fig. 54. 



Aii^! V’liei I nation 0. 

(1) Set off a curve of areas of waterplanes on 0 X as described for the 
case in the upright. Whci'c any obvious irregularity occurs, such 

CURVES OF 



0 . 

Fio. 65. • 


as at the deck-edge amidships, a waferline should be,drawn there. 

(2) Int^graph this curve along 0 X, thus getting the displacement 

curve 0 D. , * • • 

(3) Integraph the curve 0 J> get the inoinent curve U C. 

• • .. ad 

(4) ‘}iy drawii^ tangents to the moment curve, or by taking the ratios — 




SHIPS. 
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(1) Integraph these waterline area curves to get the displacement curves. 
( integraph the displacement curves to get moment curves. 

(3) From the moment and displacement curves construct (U5. curves. . 


(4) At the required displaeetnent A draw a line Djlij, parallel to OX. 

^ This line interscefs th^ displacement curves at the heights of 
the waterplane wl,^, giving the constant displace- 

ment A for the angles of inclination. 
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(’)) Tlio intersection of these \vaterliiH‘s with tlic CUl curves gives the 
dejjtii of (M>. for eacli inclination and constant displacement A. 

' (h) Draw tlic waterline W L (inclined at the corresponding angle of 
heel), and set oD the distance a h to this AV h on the body-plan 
(tig. bh), wliere a h is the depth of C.B. found for this inclination. 

A line ^hrougli h jiarallel to \\ Ij gives a tangent to the isovol. Draw a series 
of these tangents tor the diflercnt angles of heel for the constant displacement. 

An enveloping cui’ve to these tangents will he the isovol for A. 

A series oi these isovols may he drawn for varying values of A, 



The values of A chosen are percentages of the total displacement of the 
whole total, usually 10%, 20%, to 90%. 

From a series of Isovols to construct an Isocline Curve for a 
chosen value of — Draw tangent to the isovols at d (fig. 57). Tangents 
paraTITi to llie waterplanes touchy the i.sovols at the corresponding C.B.’s. The 
points of contact lie on the isocline. The endings of the isocline (the points 
H and T) can he (letermined. 11 is the same for all isoclines. T is the 
])oint ol contact oi the tangent at an angle H to the inidshij) section. 

Hxamples of Stability Calculations.—The calculations which have" 
been appended are examples of the methods that have been described in this 
chaprei-. Tlie following method is by the integraph. 





Fio, 62,-Isovols and Isoclines. 


l)inieiisioD8-350' x il' \ 87'. 

Load disj)l8cenient= fiPW (ons 
liglit .. 2!l20„^23i 
Btillf „ =12730 „ = 100%. 

Sections si'nicd according to Tcliebvcliell's Rule for three ordinates. 
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60%, 70%, anfl SO'/ f>f the total vohnnc. lino j)arallc'l to the corre- 

spoijfliMii ual<‘r|il;(n<‘ for any of tho al»ov<* pcrcciilaLO’s (jf total volume, the 
corrcspoiiditio imj\o 1 can he flrawn. The eoniplete set of ibovols and isoclines 
an* show n iii ii^. <5 1 . 

A jiiofc c<iiaci*t. nietho<l foi* drawiiiL'' the iso\ols and isoclines is as follows. 
It ncccsMlatcs tlic Use of the intecrator. The hofly [)lan is <j:iven in fig. 62, 
Plate II. As in linding cross enr\es, the nn)nients and areas of the submerged 
sc'c.tions ar<‘ (jhtaine<l In the integratin’ about a horizontal axis, and also about 
a vertical a\if^ Dividing tin* moment reailings by tin* corn sponding area 
readings, we get the distances of the (*entres of buoyancy from those axes. 



\'f*i h(‘a] M\dc- (h'l'll' ‘ fi 

I hinzeiital sea!- — Itffeltli - ft. 


I’lu'se distanei'.s liave hetm plotted in tic,. Co. Plate lll.,.i,'*jt is more convenient 
to olitain the \»'rtieal lu'ights ef. the centre oS buoyancy in tlie same way 
as described lii the ])reMoiis method by the iniegra[>li. Hence it is only 
iie(‘e.ssary to rc'cnnl the moimnits and areas about a vi'rtieal axis gi\ing the 
positions of centre of bno\ane\ from the vertical axis at (’ach inclination. If 
the area readings be plotted, we have the displacement curves, and by 
inlegra[»)dng tln'se curves we can get the curves gi\ing' the vertical lieights 
of till* et'ntT’e of hmnaney. 

In standanlising tlu* -isoclines and isovols it is hetli'i* to first plot the above 
two sets of I’ln’ves in terms per<*entage of displacement, d'his has been 
(lorn* in tiu () t. 'I'lie iso\r»ls‘and isoclines curves liavi* been drawn on 
the hod^ plan of tl-^. 62, Plate 1 1 , and the standardised iso\ols and isoclines 
are shown in lig. ho. 

I'Aamples of statical stability <’iirves ha\e he<‘n a}>pende(b 
, ('use A, p, IS a fast Atlantic passenger steamer It will he seen that 
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curves been flr.iwu for ten dinbreiit conditions of the vessel. These 

conditions .ire bdl}' descri)>ed in the T.ilde A. Tiie most stable condition is 



]So. T), N\hieh is the condition at llie end of a voyage, tlu'Ii M being r46 feet. 
Tljo most unstable condition i> the ducking condition, No.' L\ which has only 
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a OM of *05 foot. Xono of tlie condilioiis a ucpuivi,' (i M. Soinotinios 
vessels of tliis kind an* in a con(|jti»>n when theiJ M is noj^alive : and if sncli a 


— |,s 



JO vt.Jiv 


condition occurs wliile the vessel is at sea, means ran he adoj)ted to make the 
vessel stal)l(‘* 

Case B, is a ve.ssel whielj in some eonditi*>ns has a negative 



Case B. — Cargo and Passenger. 
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Bui^Eei's full (no cargo aboard) 

LauncB^g condition (95 tons water ballast aboard) 
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GM, as will be seen from condition 
unfavourably loaded, and with all 


^o. 5, in which the vessel is very 
the coal burned out the (1 M is 



negative. Tlie best coi^Jitioii for this vessel, with tiie exceiition 
of the launching condition, is No. where 850 tons of water ballast arc 
in. Ihe eltect of •adding this amount of water ballast to the worst eondi- 

VOL. II. • * 
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tion when the vo«scl has 1-77 iiej^ath^e (IM is to give her a positive GM 

Case ( ! is aiiotlicr cargo vessel about tlie same size as B. In all her 
'coiulitioDS slie has m positive () M except in No. 2 condition, wliere it is 3 ft. 
negative, wliicli will cniise the vessel to heel to 22° before ac^piiring positive 
stability. In tlie light condition it is least, and equals ‘194 ft., and in the 



Ship intact to u])pcr-(leck. 


(h\SK I). — ClIAN.NKL StKAMEU, 310 X 12 X IS. 


No. 1 (-onditioii. 

I 


1 1 , bight: Vessel complete witiii water in 
j , hollers . . . . ( . 

2 bight : with coal, passengers, stores, fresli- 
; water, reserve lecfi, on hoard. Cattle 

j spaces lilled . 

I d .\s in No. 2, with e,oal bunkers and reserve 
I leed tanks enijily ..... 

i 

I 4 Ijoad CMiidii on as /n No. 2, with all 
’ cargo holds full . . . 

As in No. 4, with coal, freshhvatcr and 
le.servo feed, and stores tiuishcd 


load condition, with coal ont and water ballast in, the G M is greatest except 
for the launching condition, and is 3-48 ft. 

(^ise D, tig. t)9, gives the cyrves for a fast Channel steamer of 310 ft. in 
length for five ditVorent conditions. This vessel is very stable even in the 
light condition, when the C M is 2*85 feet. The most stable condition is the 
load No. I, when the CM is 3'2 feet. This type of vessel has generally no 
double bottom ; and as she only carries about 90 tons of coal, the centre of 
gravity is not much altered, so that there is no iieoessity for having ballast 
tanks, k'rom the curves of these forr types may be obbaiiie(J the range of^ 
stability and the maximum righting arm in each ease. 


Dispi. 

Tons 

I )raug}it. 
Mean. 

a M. 
Feet. 

Max. 

righting 

ann. 

1921 

10' lOT' 

2‘85' 

1-87 

2265 

12' .‘by' 

3-0' 

1-79 

2112 ‘ 

11' 9/" 

2'84’ 

1-8 

2901 

! 

14' 84" 

3*2' 

1-32 


13' 11" 

3-07' 

1*46 



Case C.~400' x 43' - 9" x 25' 
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Xote> —No account taken of deck erections above upper-deck. 






CondiU^>n . \MeanDraughb G M 

LHwJur^cop'y 'hg-^r ,J S'. 3' ~^SW‘ 

a. hAlffuaim Enqirut ^ 9'.&" '97/ 



Fig. 72. Stability Curves for a S.S. 120' x 21' x 9' draught. Showing effect of deck-houses and free water upon the stability. 
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In considering the effect of altering the dimensions in designing similar 
ypes, the following points should be noted. 



Increase of freeboard increasae range of stability. 

Increase of beam proportion increases UM and increases the righting arm, 
but may decrease the range of stability. 
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through TIk'sc an’ drawn for seven different displacements, rising from 

1000 tons by etpial increments to 7000 tons. In this case it is seen that as 
Jihc displacement increases, both the range of stability and inaxinuim righting 
arm decreases. 

Fig. 72 shows the effect upon stability of the presence of free water in a 
vessel, and also the great effect of deck erections, when watertight. With 
bunkers 'empty and 18 inches of free water in boiler and engine rooms, 
neglecting effect of deck erections the maximum righting lever is *10 ft., and 
range 47 b'. If the deck erections are watertight the range* is enormously 
increased, and the value of the lover at 70“ is *8 ft. 

Stability of Ships at Launching'. — This problem differs from that 
of the stability when the ship is actually at rest in still water. This is due 
to the following causes: 

(1) The disturbance which the ship herself creates by her sudden intrusion 
into the comparatively small quantity of water in the vicinity of most ship- 
building yards. 

(2) The pressure of wind upon the side of the vessel. 

(.4) ddie unequal effect of the buoyancy of the bilgeways cqiised by the 
release of a lai’gor (piaiitity on one side than on the other. 

(4) Shifting of loose weights on board. 

(5) Heeling action due to the checking of one drag chair, bcfyjre the other. 

k^ig. 7,*) shows curves of stability at launching, of vessels of the same 

dimensions but of ditlerent block coefficients and the same vertical position of 
centre of gravity. 

fbg. 74 shows curves of stability for the same vessels as in fig. 73, but 
with the (Ub arranged to give all a positive (! M of 1 foot. 

Fig. 75 shows curves of stability for types A and C, and also for typo C 
brouglit to the same displacement as A— 

(1) lly iiiei’ease of length and beam. 

(2) Uy increase' of leugtl/and draught. 

Stability required. The amount of stability retjuired for any particular 
envumstauee' of wind and water for any particular type* of vessel can only be 
a matter of o])inion based upon experience. It is possible to determine how, 
much righting arm and range any ve.vsel will havy under any assumed con- 
dition. The amount which she ought to have for any condition of wind and 
Heather can best he determined by reference to the corresponding data of 
ships which liavJ successfully withstood ^liaiilar conditions. 



PART V. 

RESISTANCE. 


0IIAPTI5R VI. 

PRELIMINARY. 

The subject ol‘ resistance of ships has had a fascination for many at all times. 
The form of least I'csistance has been a subject which has had as much charm 
for some as the philosopher’s stone has had for the alchemists. JS’cwton evolved 
a form of least resistance, not necessarily for a ship only. Loi’d Kelvin has 
determined forms of least resistance for bodies moving on the surface of the 
water. Every naval architect who has designed a ship has attem])ted to pro- 
duce the form of least resistance consistently with all the other conditions to be 
fulfilled. The problem has so far proved to be tdo dilficnlt for mathematical 
solution from a 2 ')rlori considerations. The only solution which even in an 
approximate degree can bo considered reliable is the experimental one. 

, Beaufoy’s Experiments. — Until the end of tlui eighteenth century the 
only ex])erimental solution of the question was on the forms of full-sized ships. 
In 1791 a Society for the improvement of Naval Architecture undertook experi- 
ments on comp^iratively . small-sized forms to determine the A^ariation in 
resistance associated witu variation of form. Tlic Sooicty resolved to make a 
series of experiments on the resistance of bodies moving through Avater upon 
a scale much more extcui^lve tRan any Avliich Irad yet been made in this or any 
other country, k portion of the Greenland dock at Deptford,* of about 400 
feet long and 1 1 feet depth of whaler, Avas selected as being suitable for 
carrying out the experiments. The Society, soon after its formation, fell into 
decay, and the experiments Averc for a considerable jioriod conducted and 
brought to a coiiclut.ion by *the only remaining member. Colonel Beaufoy. 
The experiments were carried out under his* supervision in each successive 
year from 1793 to 1798, buj it \\\as not until 1834 that the results were pub- 
lished. It cannot be said that the results contributed much to^^the science of 
naval architecture, though they alfurded data for later experiments. 

The early experiments of the Jferics referred to were all conducted with 
a pendulum apparatus which wa^ made to carry through a tank of water 
the solid whof.e resistance was to be eifi/imated. A Avooden vessel or trough 
7 feet by 1 foot By 20 inches deep was filled wdth Avater, and into it tfee 
• 91 



92 


THE DESIGN AND CONSTRUCTION OF SHIPS. 


lower part of the pcnduhim was immersed. The pendulum was 5| feet 
long. The difl‘e?‘ent solids on which experiments were intended to be made 
were arranged so tliat they coidd be easily attached to the bottom of the 
pendulum, and bob weights of dilierent masses could also be attached to the 
pendulum rod. The momentum of the pendulum could thus be altered by 
altering the mass of the bob. 

The following are the general conclusions of Colonel Beaufoy on these 
experiments. 

Increasing the length of a solid of almost any form, by fhe addition of a 



oyhndcr iii tlve middle, exceedingly diminishes the resistance with which it 
moves, provided the dis])lacement remains unaltered. 

A cone will move through water with less resistance with its apex foremost 
than with its base, -a conclusion whicli is opposed to the current opinion. 

The greatest breadth of the MnoYing body should be placed at two-fifths 
the length from the bow. Thbre are some exceptions to this general rule. 
Tlius, in tiie donhle parabolic ^body, the greatest •bre.'xdth should be given to 
the middle, ai^l in the double cone it should be placed farther aft. 

The bottom of a floating solid shoidd be made triangular, as in that case it 
will metd with the least resistance when mbving in the direction of its longest 
axis, and with the greatest resistance when Vioving with its broadside foremost. 

fu 179.'? the resistance experimenfs on bodies towed through the water 
\y;re conmieuced. Some were made upon floating logs, others upon submerged. 
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Ihe towing apparatus, whidi was said to liavo provod satisfactory, was arranire 
M foUows A tripod, the apex of wliidi was about 60 feet alsne the grounc 
+ 0 ^ 0 ^!?° on a h.inzontal bar a system of six blocks correstwndin 

to another systoin ol five simdar blocks also atta.-hed to another hori/.ontal bai 
upon which was hung a weight, the fall of which gaxe the motive power t 
e forms which were towed by moans of a rope ruiiniiig round the system o 
blocks. Ihe ruiniing end of the rope which passed thromdi the blieks wa 
led round J;he circLimierence of a large wheel about dj feetln diameter Iron 
which It passed Jiorizontally to the body on trial. The tension in the roiii 
was one-twellth of the suspended weight, since there were twelve ropi-s enil 
taking an ecpial share of the weight (tig. 76). The friction of the alparatu 
was determined ludependently. In order that the body might rjpidly attaii 
the required constant velocity, the motion was st.arted by an additi-mal weight 



Fif:.T7. 


in the form of a <?liain in a box attached to the loweti liorizoltal bar This 
chain had its upper en.d fixed so that «ie weight of it gradually left the box 
vOiitaiiniig it as the bar •desc^ided until it .was ultimately released. 
amount of the, weight first described dotormined the uniform* voloeity ulti- 
mately obtained. It will be seen that the wliole aiqiaratus was in iirinciple 
the same as Atwood’s machine for measuring acceleration. In order to 
measiiro the velocity of the body on trial, a batten constructed as lightly as 
possible was allowed tc. bo draxfii over a trmigh by means of a silken thread 
Which passed over a iinlley on the axis of Uie large wheel. This was so 
arranged that the baften moved 1 inch for every foot moved by the model 
A clock w^s arranged to marie intervals of timC-ou this moving' batten, thus 
g mg' sufficient data for uieasuring fairly accurately the velocit}^ at which the 

The early experi mentis were 
Attcnaed uith great trouble and dis#.ppointment. 

The later ^experiments, which were# begun in 1793, and conducted each 
successive year thereafter, gave more trustworthy results. 
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I he first series, 179.3, was made up of experiments on the towing resistaflic 
o a pai<ilJek’pi]>edon. Different lengths were tried, and geometrically shapec 
ends were fitted first at the bow, second at the stern, third at both ends 
^ semicircular, scmielliptical, and triangular 

In J/.).) these experiments were extended. Si.vteen of them have beer 
seJecL(‘d, and the results jilotted in curves (fig. 78). 



The sliapes tried were as shown in figs. 79 and 80. 

llieiesLilts taken from ^le tables and plotted in terms of speeds show 
consistency u[) to 1.3-f) feet pc‘r second. At that speed the resistance in lbs. 
for th(» ditfcreiit types ranged from 109 li to 345*8. In the following table 
the resistances at the speed of 13 5 feet^ per secondare compared with the. 
resistances at the speed of 4 feet per ticcond. The results are tabulated in the^ 
^rder of the resistances. . ^ 
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I Length. ; BmuJtii.l Depth. 

Keet. i Feet I Feet. 
42-198 ' 1 219 ; 





i , , }> forward 

I 

i 

I 

, , l> for’d and aft 

I 

I w 

,, ?» for’d and aft: 


21 090 


r aft 



Fig. 79. 


c forward 

e for’d and 

f/ aft 

cl forward 

(I for’d 

(I for’d ancl;alt'!i! 
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I S])eo(l ~ 13*5 Feet per Second. 


No. 

lbs. 

IT) 

109*2 

1‘2 

129-2 

M 

139*6 

16 

145*6 

11 

161*7 


172*8 

7 

184*7 

4 

188*1 

5 

202*8 

9 

213*0 

13 j 

286*7 

10 j 

308-6 

6 1 

322*6 

3 

328*7 

2 ‘ 

332*6 

1 ■' 

346*8 




Speed = 

4 Fe(*t jter Second. 

No. 

Ib.s. 

12 

8*015 

15 

8*73 

11 

9*813 i 

8 

10*164 

14 

11*031 

16 1 

12*316 

7 

12*357 1 

6 

12*665 

9 ! 

14-329 ' 

4 

14*561 

10 i 

21*98 ' 

13 

22*44 

6 : 

23*116 

3 1 

23*991 

2 

24 *723 

1 i 

30*3 


1 


Plan 


3 


Sha}ie d 

Semi -ellipse. 


Elevation 


Plan 

Elevation 

«i 

Plan 

Elevation 


Shape b 

Cirndar arcs. 



Shajie C * 

Triangular. 


Plan 


Elevation 


Sliaj)e U 

Inclined plane. 


Fig. 80. 
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The figures for a low speed, 4 feet per second, have also been tabled. 
These experiments clearly show — 

(1) The best form for the end shape is c at low speeds and d at high. 

(2) The resistance is least when both ends arc shaped. 

(3) The r(>sistanee when the foiwvard end only is shaped is considerably 
less than wdien the after end only is shaped. 

(4) Shape d is most efficient. Then,, in order, c, 4, and a. • 

The OMh’ eurions result is that showm by experiments Nos. 4 and o. 

No. 4 is tlie»short bod}" with form a on forward end. 

No. 5 is the short body with f )rm a on both ends. 

At the higher speeds the resistance of No. is a little greaj^er than that 
of No. 4, but at the lower .speeds it is less. 

The dillcreiice betwe<3n the results for the short and the long bodies 
having the same ends but with increased skin area are given in the following 
table. These ..ambers have been plotted in curves (fig. 81). 

The restflts i'‘ivuig the dillerences are not consistent, showing that the 
differencos in re‘^’i«f uiee wei* not w"holly due to skin, but that resistance of 
form ’\as some oiVect on the resv^'. This is more evidenced in Nos. 1 and 2. 

TAiUiE snow INC Difi'eki: i e.s in Kesi, stance which acniompany Differences 

OF I'OUM AND OF SURFACE. 
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No, 9 
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1 1 320 

-23-40 L35 181 

40-601 

66 .630 

86-37.6 
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1.34 -72 
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213 0 
' 172-83 

No. 8 

1(I4 

2 028 

f) -.'00 ' 

10 164 1 

17 078 26 006 

1 37 .U8 

60 017 
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85 608 

106 85 
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( 067 
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i 6 412 1 0 086 
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74i;j 
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114-18 
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4928 
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4 S.07 ' 

8 730 

j 13-86 1 20 230 

I -27 -862 

36 7.62 

46 010 ' 

.68 376 1 

71-133 

85 199 109-23 

y 

■2486 

048 

2-06(5 

3 .68.6 

.6 .60 1 7 777 

1<)'428 

13-441 

16-81 : 

•20 6-27 

24-58.6 

28 081 

36-33 


\fhorc the difl’ereiice in resistance is practically constant at the higher speeds 
of 8 to 13-^ fl . sees. • 

The oth('r lixpeviments in this series were on various shapes of 1 todies, but 
lead to uo mti'resLing result. ^ 

The later experiments were cai^icd out on submerged bodies. * Some 
of these oxperiiiu'uts gfivi' m uood coinpa:^son for estimating the sTtin 
resistanci!. • 

The results deduced from Beaufoy’s experiments were liardly in keeping 
with the thou goimrally received notion that the pointing of the after end w"as 
of much moT-e importance than that of the fore end. It is curious to notice 
that the latest experiiyent^J of Dr B. E. Frou(]e, which will l>c referred to later, 
sliow that in shipshajic forms of the presenUday of higli-sjieed vessels the 
after body can be filled with inncli less increase of resistance than that caused 
by the same amount of filling in the fore body. ** 

Scott Russell's Experiments. — It was not until Itfot that any 
further advance was made in the« scientific treatment of the subjcc't. Mr 
Scott Russell, whose nanie will always be associated w’ith that of Mr Brunei 
in the building of the “ Great Eastern^” carried out a series of experiments 
and investigations upon the resistance of shipshaped forms in canals. 

VOL. 11. . 7 
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was the discoverer of the relation which existed between the resistance of the 
vessel and the waves produced by it. His theory of th(‘ resistance of a ship 
was stated in the Keport of a Gommittec of the British Association in 1869 
as follows : - 



SpeecL^ in Feet -per secorut. 
Fio. 81. 


Viscosity IS resistance to change of shape. A perfect flind offers no 
resistance to change of shape. 

Water otters resistance to change of shape, but if time be neglected it' 
offers no resistance ; iieitlier do tar, treacle, nor even sealing-wax substa^Q^ 
>vhi^ are classed as fluids. 
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Large waves have vcrv litlle viscosity in relation to energy. Small waves 
have much. former go on for days, the latter for very short ix'riods. The 

velocity of a wave in a canal whose length is many times the depth of tlie 
canal = Jghy where k is the depth of the (janal and g is tlie acceleration due 
bo gravity. 

If the boat on the canal is made to tnivcl at a velocity less than Jgk 
it leaves a long train of waves behind it. * 

If the boat is made to travel faster than the velocity Jgk it only forms one 
wave, which travels as fast or faster than tlic boat, and no procession has to 
be formed. 

The viscosit) of the w^ater causes the waves to die out in thc^canal at from 
50 to 60 wave-lengths astern. 

If the canal has a dcyjth of from three-quarters to once the wave-length, 
the system moves at half the speed of the wave. 

On the^bus»s of the ^ibovu, he proposed Ins wave-line theory of forms of 
ships. 

The h.llowung .ue tiie chief points of this principle : — 

A v^ssel^may be diviik-'^^ longitiidiii.vlly into tliree portions : bow’, straiglit 
middle-cody (if any), and aiter-body. The midship section may be of any 
shape w’hatever, tlic resistance due to it dependiiig on its area and wet girth 

only. , , 

The forc-houy must liave for its level sections curves of versed sines, the 
maxiniiim ordinate of wdiich is half the greatest breadtli at the w'at(*rlinc. 
Its lengtli must be tlie same as that of a wave of translation, moving at the 
same sjieed as the shi]» is intended to have, in order that the resistance may 
be t he least })ossiblc. 

The after-body must liave troclioids for its lovid lines. Its length is not 
to be less than one- half — preferably tw'o-thirds — the length of an oscillating 
wave moving at the same speed as the ship, ^fs maximum ordinate being 
half the greatest breadth of the watc'rline. 

The straight middle-l)ody may be of any length, to suit the necessary 
re(juireineiits of stability, etc. 

► Subject to these conditions, the resistance of the ship will be ex})ressed by 

(K© + K'S)Y2 

wdiero 0 represents the area of the midship .section anu S the w'otted 
surface. K ainl K' are coefficients, llie former of which is roughly oile tenth 
that due to a Hat pL-n^ dra*v>j flatwise thr^mgh the water, and the latter 
depending upon the condition of the surface. • 

The general formula for the length of the ship given by this tlieory is — 

Fore-l)odv iu feet = where V i.s in feet per second. 

Aftei'-body in feet = ~— - „ 

Professo*’ Rankinc states, as the results of his owm investigations, that it 
is possible to shorten the bow to ' tw'o-thirds the length given in tlie above 
formula without materially incrciisiug the resistance, hut that it is very 
disadvantageous to shorten the after-b«dy. 

The following is an example of the application of this method : — 



100 


THE DESIGN AND CONSTRUCTION OF SHIPS, 


Suppose vvc luivo fixed the form of the iriidship section of a ship, so that 
B IS the beam, T) the draught, and the half ordinates of a series of water- 
lines at tlK‘ midship section are r^,, etc. 

I A t V he till' .spcerl reciiiircd in feet per second, /, and /„ the lengths of 
fore- Slid after-boflies respectively. 

Then = 

■' u ■ 

Suppose \\e tak(^ tlie waterline at as an example. In rig. 82 set off 
iind according to tlic above formuhe, and/,,, the length of parallel middle- 
body desir(‘d. 

Set up A 11 and C l) perpendicular to BF and D K, each being eipial to 
I yy '])on A it and I) describe semicircles, and divide their circumferences 
into a number of erpial parts, say four. 

l>i^'id(‘ 1> 1 and D K into the same number of einial parts. * The rest of 
th(j construction is obvious from the figure. 


A f' 



Similarly for the other waterlines. 

Scott-busseirs theory, underlying this mode of construction, is that at 
tlie bow of a ship moving through the water a wave of translation is 
formed, and at the stern a series of oscillating waves are formed. These 
wave's, in each case, mo\c with the velocity of the shij>. The water, when 
acted upon by natural forces only, assumes these forms at the bow and stern. 
^\ hen water nt rest is moved from its equilibrium position to make \vav for 
the passage of a ship through it, the iiath of lea.st resistam'e of a particle, 
would be, at the bow, the shajie of a wave of translation, and at the stern, 
the shape of a- wave of oscillation, the sizes of these waves being such that 
their natural veli.cityof projiagation is the s])ced of tlie slrp. He further 
mentions that, while in all cases the ^'hape of the bow should be such that 
the. watcrlines arc curves of versed sines, in some. cases the shape of the 
aftei-body m»i^ be such that the buttock-lines may be trochoids. He advises 
making the waterlines of this shape in boats that are to bo used in shallow 
water, and the buttock-lines of this shape in boats designed for deep water. 
In most cases a combination of these two systems is the liest. 

It should he noticed that this is of historical interest only. 
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RESISTANCE TO BEING SET IN MOTION. 


A \ icssEi. U^icaLiii^" frooly 411 walt'r is free to move id a straight lino if force is 
exerted upon it. 'Idie resislanee to cbaii;j:(‘ of motion wliicli the inertia of the 
body oiiti’s 'vill aOsurh some of tl e force, while tlie remainder will he absorbed 
by Mi*^ 'esi!<ane(' wliicb flu 'biiu oH'ers*to motion thronp:h it. 'Idie forei* wliich 
overcomes the inertia “f :he body will produce a. vi'locity wliich would con- 
tinually and uniforml}^ increase as long as the lorce is apiilied if tlimH- wm’c no 
resistiinci' ^notion f'om the fluid or oliier external mi'dium. With the 
incrensi' of 'olocity, howe\er, will inevitahly ensin* an increase of resistance 
of the llnid, which in time will be so gri'at as lo balance llu' total operating 
force and h‘a>c none available for overcoming the inc'rtia of the body. When 
this point is n^ached the velocity of the body will (;ease to changi', or, in other 
W'ords, will become uniform, and the total force wdll be absorbed in overcoming 
the resistance of tlie fluid. It is this resistance wliich is usually called the 
resistance of a ship, and it is the determination (»f this 4uantity which con- 
stitutes the study known as the Kesistance of Ships. The forc(‘ which balances 
the resistance in uniform motion is known as the propidlmg force, and it is 
the determination of this which constitutes the study known as the Propulsion 
of Ships. 'Jdiis propelling force may be created outside tlie shiji. such as in the 
•ease of a ship being towed, or in a sailing ship; or it may be created inside 
the ship, as in the case ot' row'ing, the screw’ jiropeller, the paddle, or the jet, 
or liydraulic projieller. It may be a combination of external and internal 
forces, as in the case of a river barge wdth sails up and the frew rowdng, or as 
in the case of an auxiliary yacht stc«ming with sails set. 

ClonsidcTing first ^ h(? (pie^^tion of the force necessary to overcome the iiTertia 
of a, vessel, we can treat the problem as one *of the tim^ i-e({uir’ed to overcome 
the inertia, in changing the body’s motion from rest to that of the maxinnim 
velocity .^he is likely to attain in a resisting medium such as water. 

Take a simple case of a vessel oi 1000 tons displacmneixt or weight, having 
engines of 600 hor^e-power* capable of driving it at a spci'd of 10 knots. 
A horse power is a unit ol energy or work j^iven oft‘ in a unit of time — the 
unit of energy being ;3fl,000 foot lbs., and the unit of time biung one minute. 
The speed of 1 knot is a* speed of 6080 fec^* (one nautical mile) per hour. 
Hence engines of 600 horse-power are cajmble of giving off 6fj^ x .‘h‘1,000 foot 
lbs. = 19,800,000 foot lbs. of energy or work per minute ; and if this work be 
employed in overcoming a resistance or force at 10 knots (or 60,800 feet per 

hour, or 101 3‘6 feet per minute), th# force will be lbs. 19,540 

lUl 0*0 

lbs. = 8'72 tons. 
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All the einM'jjfy of n stoaiii engine in a ship is not H\a,iliiblo for overcoming 
resistance, and it will he seen later that often not nioj’e than one-half 
is available. 

Siij)pose \v(‘ consider a force of 5 tons to bi‘ constantly available. We 
hav(' then a force of n tons to ajjply to a weight of 1000 tons, and wc can 
determine how long this force will have to act Ixd'ore the vessel is moving at 
101 ‘bo f(‘(‘t p(!J’ minute. Wo know that if the liody were falling freely under 
the action of gravity, y'.r. if it were being actiid nixjii by a force of 1000 tons, 
it would incr(‘ase its velocity in one seixmd by y/, or .‘12 '2 feet jier second. A 
force of b tons w’oiilil only increase its velocity 32*2 feet per second 

in one s(‘cond. If this fori'e acted for one minute it would change the 
vehx'ity , x .‘12 2 x 00 feet per second, or , „Vn> x ^ per 

minute — 57i)'6 feet ])er minute. To increase it from 0 to lOl'V.'l feet per 

minute would take minutes--! 5 minutes. Henee if tiiore wi'rc no 

o/9‘() ‘ 


resistance other than tin' inertia of the body, it wxinld only take 1;| miinitcs 
to attain tin; speed of 10 knots wdth a [iropelling force f»f .b tons. Hut as 
the spei'd increases thi‘ resistance iiici’cases, so that tiie force available to over- 
come the irnatia of the body gradually diminisbos. When the vessel has 
arrived at b knots speed the resistance will lx* alxiut one-fourth wliat it is at 
full s[)eed, /.c. about 1| tons, so that there will he only b-} bms'joft for over- 
coming iiK'i'tia. At M knots it will he about .‘1*2 tons, leaving only 1 'S tons. 

On tin' assumption that the resistance varies as the scpiare of the speed, 
and assuming also that the jiropelling force is constantly b tons, we can find 
the pi‘o[)elliiig foi'ci* available for overcoming the inertia of the vt'ssel's motion at 
any s[x'ed nj) to 10 knots, assuming the n'sistanee at 10 knots to Ix' 5 tons. 

^riie eur\('s in tigs. <^.‘1 niid 81 show' Iiow the time taken by the vessel to 
reach the full sptx'd of 10 knots can be caleiilated. 

IMk' e(piati(*n H give^ the value of the resistance It of the vessel at 


the speed r. 




is a constant, and is found by substituting 5 tons bn* K at 


tli(‘ full speed of 10 knots, A^-. Wc arc thus able to hud at any speexl 
b(?tween 0 and 10 knots the amount of force available’ foi’ oveu’coming the 
inertia of the shij>\s motion, 1'b‘om this w'c get tlie 'aceeli’rat-iein of the vessel 
by th(‘ cepiation . 

W 

a-T..- U 

y 

or , a 

where — weight of vessel in tons, 

T = total propelling force in tons, 

1{. resistance of vessed in tons at speed 
a accehualioif. 


Tlic curve a (fig, 811) gives the acceleration so found in terms of tin’ speed v. 
From this curve we can get tht curve show’ing the distance traversed and the 
curve of time elapsed in terms of the speed v 1>y applying the ordinary 
eq-uations 

dv 

\U,. 

J a 
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This equation enables us to find the time velocity curve. 

The best way to apply this o(piatioii is to plot the curve of values of i in 

a 



[ • 

are shown in fig. 83. The - curve i^ay be quickly and conveniently inte- 
grated by using the integraph. ' It will be seen that the final ordinate of ihe 
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1 .... r I . 

— ourvo is infinite, so that / is oo , since a — 0 wiien r=Y. 

a J 0 a 

Tliis means that, // resistaiice varii's consistenti// as the sifuare of the speedy 
the vessel vercr reaches the speed V, hut if approaches indefinitehj close to it^ like 
the asf/)nptote to the h^/perftola. 



Time ui Secouds, 

' F]g. 84. 


From the relation 


we get 


V (Is 
a dr 


ds 
V - eif 
a dv 
dt 



wliich enables us to get the distance traA^ersed in terms of tlic A^elocity. 

This curve is obtained by integrating the cuiTe of values of in terms of v. 

a. ^ 

These curves are also sliown in tig. 83. 
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The final ordinate of the S curve is /' ^\iv and is 

J »i a 


It IS more usual to have curves of S, and a plotted on a time base, 
this can be easily done by measuring the ordinates of S and a and the 
abscissm value at convenient A’alues of the f ordinate. Curves of v S and a 
in terms of t are shown in fig. 84. ’ ’ 

The acceleration curve becomes asymptotic to the base line. The velocity 
curve IS asymptotic to the horizontal line c-V, and the sjiacre curve is 
asymptotic to a line parallel to wheiv // is the ordinate corresponding 

to the tune / and V is the final wlocity (10 knots). 

Similar curves lor other assumed relations between resistibice and speed 
may be worked out in a similar manner. If the actual ciir\e of resistance of 
a \cssel is known, the \alu(' ol the ordinates of the a (;ur\(‘ can be obtained 

It should, however, lie noted that the force a\ailable for acceleration has 
to act upoif a mass of A\atei, whose vi4ocity is changing, as well as iiixm the 
mass oi tie- \esscb This w-'l be dealt with in a later chapter, see page 154. 



CHAPTER Vlll. 

PRESENT THEORY OF RESISTANCE. 

\Vk hiiW) fsccn that the resistance of a vessel nioviii^ at a uniform velocity 
may l)e a very small force in relation to tlio weight of the body moved. The 
force })ropelling a Jlo-knot torpedo vevsel is about 1/lOth of its^weight. In 
an ordinary tramp steamer carrying 4000 tons dead weight and moving at 
10 knots it is about I /400th. Though the latUu’ force is comparatively small, 
yet it is of enormous mitional importance, and should ii‘«)t^bq despised on 
account of its relative smallness to the weight of the ship. W hen we consider*^ 
th(^ enoi'inous number of ships, wc can see that evim a small saving in the 
economy of jirojiulsion will mean a larg(‘ saving of coal in the total amount of 
coal burnt by vessids. It is therefon* of im])ortanee to study closely and 
accairatidy the subject of resistance. 44ie present theory of resistance', which 
may be cadled the l^'roudc theory, may be stated as follows • — 

The rc'sistance of a ship is made uji of three jiarts : 

(1) Surface friction.' 

(2) Kddyinaking resistance. 

(‘3) Wavemaking resistance. 

We shall deal with these three parts separately in the above order, but 
before discussmg them it is necessary tb give a shoi'l account of the researches 
of the late Dr Kronde. It is to the work of the Frondes, father and son, that 
the pn'sent [losit.on of the science is due. The experimenis which formed 
the basis of the late Dr Fronde’s research were mostly carrit'd out at tdiclston 
Cross, Torquay. At the Admiralty experimented wo^-ks, llaslar, Tortsmoutli, 
they liave beei^ continued by his son, Dr It. K. Fronde, who had most ably 
seconded him (luring his lifetime. As already stated, in 1869 a committee of 
the British Association recommended that experiments should be carried out 
on a steamer of known form by towmg her at various spi'cds by means of an 
apiiaratus which would register the towing force. It was also proposed that 
further experiments should be pilade with the vessel linder her own steam- 
power at a similar range of speed, so that the relation between the force 
exerted by the engine and tlxit necessary for tawing the vessel should be 
determiiu'd. Dr W. Fronde, as a member of the committee, approved of 
these recommendations, but further suggested that towing ex}>erini{'nts on 
small models of about 12 feet in length simidd be carried out so as to pro- 
perly investigate the subject. Dr Froyide’s view' was: “So great a variety 
of forms ought to be tried that it would be impossible, alike on ‘the score of 
tihie and expenditure, to perform the experiments with full-sized ships." The 
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Admiralty (iirtinir upon iho advice of Sir E. .1. Heed, when asked to carry 
out the proj)osals of ili(‘ coiiiinittee) declined to do so, hut agreed to carry 
out Mr Fronde’s proposal to try loodcls. 

T.he basis of the application of niodtd cxperiuH'nts to the determination of 
the total resistance of full-sized shijis is depmident on two things : 

(1 ) Resist an^e due to surface denoted by 
(-) ^ - ,, form „ „ K,,. 

Both are dependent on the speed. The lirst is also dependent on the extent 
and nature of tlie sui'lace. Its amount is determinable by applyii^t*’ the results 
of experiments upon ])lancs of various dimensions and character of surface. 

the second is determinable by model (‘X]>crjm('nts. d’lu* resistanci* of a 
model like tha.Jj of a shij) is dependent on surface-friction, and form. Tlie 
first can b(^ ^caiculated from data, available. If the total resistance of the 
model can be determined, tlie i‘csistanc(‘ due to Iriction (‘an bt‘ di’ducted, and 
the remainder will b. that dm* to form. If the form be exactly to scale it 
reprcsen<,> the full-sized shif' • . if ,vc i'an determine the relation between 

the resisianct' of two forms duteringonly in scale, we can deti'rmine the ri‘sist- 
ance due to form in tlie ful!si''.ed ships. This, added to the determined 
resistanc*’ dmj t.o surface .r.'dion, will giv(‘ Mie total ri'sistance of the fiill- 
^ized shijj. Mi' r loudc discovered the method of finding the ndation betwn'cn 
the ri'sistance of forms which differed only in scale. It had been discovered 
befon*, but its diseovmy bad bemi lost sight of and had prodmaMl no practical 
result. It is generally known as Frond(‘’s liaw' of f lompai'ison, and may lie 
stated as follows ; — 

If the linear dimensions of a vessid be / times those of the model, and the 
resistances, due to form, of tlu; model at sjieods V,, V,, V., .... are Rj, R.„ 
Ry, etc., respectively, then at s])eeds \\ Jf, Y., V., Jf, etc , in the ship, the 

'resistances due to the form of the vessi'l wilfbe \lj\ \{/\ \l/^, respectively. 
The speeds Vj ,^//, V., ^//, V.j ,^/7, etc., are called the corresponding sjieeds to 

Vp y.j, ^'3• 

* From this it may be seen that the resistance of a ship can be determined 
from that of a model. 

It was necessaiy lirst to determine the surface friction of planes f)f kinds 
similar to the sujffrces o^' models and ships. ' 

In 1872 Mr Frou^le made his report to the British Association on this 
subject, and determin 'd fflie la,w of variation c*f frictional resistance in terms 
of speed, length, and nature of surface of the ^ilane. E* am tl^ese results he 
was able to determine tlie amount of the other resistances wdneh his models 
encountered, and tnereby establish a law for the determination of these 
resistances in terms of the speed and size of the vessel of the same form as 
the model. To these^resistan<?es he added that due to the surhicc. friction of 
the vessel, based on the results of his expcriincyits on surface friction of planes, 
and so was able to c'llculate the total resistance of the full-sized vessel. 

In 1871 Mr Fronde pubfished the results of* l^o wing experiments on H.M.S. 
“Greyhound,” in wdiich he showx*d that, wdth a properly selected coefheient of 
friction, the resistance obtained by model experiments was practically identical 
with that measured on the actuid ship, lie also showed that tlie force 
necessary to tow the vessel w^as only^l.d per cent of the equivalent force 
developed in1:he cylinder of the steam engine, and that in consequence 55 per 
cent, of the total power developed at the engines w^ent in non-effective wort. 
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By these experiments he established the value of model experiments for 
determining’ the resisianee of ships, and ^ave the initiative to the whole field 
of investigation of the problem of the best form of vessel for a given sot of 
conditions, Tlie seiemee of resistance was established on an experimental 
l)asis, and nothing has ha])pencd since to shake the faith of naval architects 
in the soundness of that foundation. The practical value of the “ Grey- 
110011(1’' experiments was twofold: the a(*curacy of the Fix > ude , method of 
determining n'sistance was established, and the ineflicicncy of the apparatus 
tJuai ns(‘(l to develop and utilise the jiower to overcome tin? resistance was 
(hMnonst rated. Improvement bc(‘amc jiossible in both directions — in the form 
of tlui ship, uid in the efiiciency of propulsion. In both directions the elder 
hh’oude ra])idly extended knowledge, and before his death, which occurred in 
1 <SS(), had detei-miiK^d (pialitatively and (juantitatively the causes of the loss 
of work between tlie engine and the overcoming of the imstance of the 
vessel, and had laid the foundation of th(‘ first and oidy satisfactory theory 
of th(‘ ('(Hcien(\y of projicllers. 

Dr K. F. P'roude took up his fathtu’s work, and has continued it till the 
present time. Bractically, the wliWle of the scientific devel(?.pinent of the 
subject sincxi his hither’s death is due to him ; and though otheu’s ha\e carried 
out (‘xp('rimental work in similar tanks, it has bei'ii largely done for the 
solution of definite praetiixil problems, and to only a very sa.all e.vtent lu\s 
it been done for systeauatic research. 

Having outlined the w'ork of resc'arch conducted by the Frondes, xve can 
now consider tlu' investigations and exjieriments whi(di havi‘ been made on 
r(‘sistance in the light, of the present theory. 

1. Surface Friction, or Frictional Resistance.- Det us first consider 
the natiii'e of surface friction. 

Tlie frietional n'.sistanee of a body moving through water is due to the 
friction of tiie water ruhbjng on the surface of the body. The friction is 
caused l>y the viscosity of the water and the roughness of th(' surface. In a 
})erfeet tlnid thiux* could ho no frictional resistance, as also would be tlie case 
if tin* surface were perfectly smooUi. The nature of tlie sni'faee to a large 
extent go\eriis tlie amount of the frietional resistance, and fora given kind bf 
sui’face the fnetumal resistance d(‘])ends upon tlic area of tlu; surface and the 
relative speed of the body throiigli the water. Frictional jx'sistance is thus 
clearly distiiigmshable from wavemaking and eddymaking •I'esistarices, which 
depend 141011 the sliajie, size, and spoe^l of the body through the water. A 
tlr.n plane board moving tlirongh the waiter wijl ex|Xu*iciicc a resistance w^hich 
is almost enthrly due to the fPiction of the water on its surface. The wave- 
making and eddyniaking resistances will lie negligible in amount if the ends 
of the hcjard are jiointed. When a body is moving through the water the 
particles in immediate contact with the surface are set in motion by being 
partially dragged along with the surface by tht friction between the water and 
tlie surface. This motion will^also be partly conveyed to the adjacent layer 
of jiartieles. The motion of the particles near the surface cannot he a purely 
foiwvard one There will mi)r>t likely he also a rotary motion, and in the 
rougher kindu of surfaces minute eddies will exist at the surface* There wdll 
thus he a region of distiirhed particles of water; and if we imagine aline 
bomiding this region, and separating the disturbed from undistni'bed water, we 
have what is called the “zone of friejioiial disturbance.” It is impossible to 
determine accurately the motion of ti e particles in the disturbed zone, but 
h*om practical experiments on ship models or on thin boards observations can 
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sasily be made to find the speed of the following wake. In every case of a 
3 ody being towed tlirongh the water a definite forward current is observed 
istern of the body. To this current the name of “ frictional wake is given. 

In the Chapter on Propellers it will be seen that tlio speed of this wake in 
% vessel may range from o per cent, to 15 pin* cent, of the speed of the ship, 
and the etbcioncy of the propeller is ibere\)y increased. 

If we knew exactly the mass of water acted u})on per second b}" the friction 
of the surface, and the velocity at all points in this wake, we could estimate 
the frictional rcs^istancc of tlio ])ody. When a thin board is towed through 
the water, tlio friction ])er unit area is greatest at the entrance, and this value 
decreases slowly as the distances fr<un the forward end increasi-. This fact 
has been clearly doiiionstratcd l)y Fronde's experiments on sutface friction 
of planes, but it may be briefly explained referring to jjg. 85, wdiich rougldy 
represents the zone of frictional disturbance around a thin board II A. 

At the forw 4 ‘;rd end, A, the relative specul of the surface and the contiguous 
particles w'il> be V, the vefoeity of the board. As the distama* aft increases, 
the particle^ have *> definite fo ’ward velocity', so that the relative speed will 
be less than V. Tie* breadth of ili zone increases gradually with the distance 
aft, Ixca -^e tTie motion iten 'ried to the particles at the forwaird end is gradu- 

B A 


Fui. 85. 


ally transmitted to a wider and wider zone as the plain' jiassi^s it. 'Phe 
friction is governed l)y the relative motion of tin* parti<;les to the surface. 
The friction per unit of area (*onse(|nenlly c?ecreases gradually as tlie 
distance aft increases. 

The experiments conducted by |)r Froude senior to dc'termine the law of 
variation of resistance an' described later. 

'Pile late Dr Froude, in the report to the British Association for J 874, gave 
a metlKul of detci’inining the breadth of the zone of the fric'.tional disturbance, 
w’hich is interestkig as showing* the ajijiroximate mechaniciuj, construction of 
the friidional w ake, but from which Jittle practical result can be obtained. 
The frictional resistance #nust be e<pial to the momentum imparted to .the 
particles of water in tlie frictional wake peij unit of timi'- wdien the speed is 
uniform. * 

Let F — force in pounds, or the frictional resistance. 

W =■- weiglit of water oj^'rated on in lbs. 

V = velocity of surface in feet per sedOnd relatively to the surrounding 
still water. 

/ — time during which F acts. 

Then F/ = change of iponientum in this time.*’ 

Therefore there must be left boJiind the body, in each second of time, new 
momentum as expressed above, in the jfhape of a following current. 

In considering how this momentum is generated, take at any point 
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elemeutMl layer parallel to the surface of unit depth and thickness dh. At 
any instant lot the velocity of the water in this layer be v fool per second. 
We then s(!e that the <]naritity of water put into motion per second will at 
that })oint Ik' (V - /') in length, dh in thickness, and of unit depth. Its 
length is (V - o), since that is the length left behind by the surface. Its 
weight is therefore 

=^/i(V - v) dJi, where p= w(;ight of water per cubic foot. 
dw - f){\ - v)dh. 

Now if we assume that the current possesses a velocit}’ Y at the surface, 
and that this velocity decreases uniformly as the distance from the surface 
decreases, wo liave 

11 



where li is the breadth of the zone, and h is the distance of the layer d/f 
from the siirf-u'e (Hg. .Sb). 

, '^riien dm = f) ( Y - 



If M be thf. momentum, 

,</ H il 



and this must be CMjual to F t. 
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If t is unity, 


r pV2H 

p ~ G4, 


V2H 


3 

^ = 32 ' 2 , 

H = E 


V2 



It is shown later that tiie resistance in lbs. ])er square foot on a plane 50 
feet long is -lio lb. at 5-92 knots oi 10 feet per second on a varnished surface. 
Counting both sides of a plane 50 feet hnig and 1 foot wide, the tc^bal resistance 

is 25 lbs. Substituting in 11 = ^^- we get H 75 feet - 9 inches. 

In a plane 500, feet long moving at 20 knots, H is about G feet. This result 
does not appear to bo probable, and it seems as if the assumptions are not 
correct. 

Among the earlier experimenters on this subject may be mentioned 
Coulot'i) aiTd Pjoaufoy. T‘i iormcr •conducted experiments on bodies 
susperalod so as to swijq- m water, and measured the resistance by the 
decrease in eacb amplitude of tbe swing. His results arc of little practical 
importance, Wit stated as me of the deductions from the experiments, that 
the frictional rosisbinee was independent of the pressure of the liquid, and 
therefore independent, of the depth of the body in the water. 

Colonel Hca.d'ov’s experiments on resistance have already been described. 
He also conducted a series of ])endulum experiments. From his towing 
experiments, however, it was possible to deduce the amount of frictional 
resistance offered by certain areas. His results wen* not of great pa-aetical 
importance. Ily far the greatest contribution to the science of frictional 
resistance has been made l)y the late Dr Froyde. His experiments have 
become classical. 

Full reports of these experiments will be found in the llei)ort of the liritisb 
Association for 1S72 and 1874, The experiments wen* conducted in a tank 
itbout 280 feet long and IIG feet broad at the top. The water was 9 feet 
deep. The investigations *vere carried' out on thin boards whicli wore towed 
lengthwise through the water. They were ballasted by a lead strip fixed 
along one long edge so that th>i^plane of the board was alwiijs vortical in tbe 
water. AVlien the boards were towt^l in this manner the rc.sistance was 
almost, entin'iy duo to tSie surface friction of the water on the sides of -tlie 
board. The towing and the dynamometciJ apparatus wei-^* desigmd by 
Dr Froude ; and as the main principles in its design have been carried out in 
the construction of similar apparatus for experimental tanks that have since* 
been built, it may be of interest to describe its main features here. Tbe 
towing truck carrying the apparatus ran on a light suspension railway which 
was about 20 inches above the water. ItVys moved by a wire rope wdiich 
was coiled round a sniral groove on a drum. This drum could be driven so 
as to tow tlie truck at anj^ desired steady sp&ed between 100 and 1000 feet 
per minute.. Fig. 87 shows tbe arrangement in detail. , 

The attachment of the board B to the apparatus was designed so as to have 
as little friction as possible in tbe^ connections. Tbe horizontal driving force 
is wholly delivered by a helical spring 11, one end of which is fixed to the frame of 
the truck, /uid the other cud is fixed to the light woodwork frame C C supporting 
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jnch thick. The ieiifitli viiiio.l fioni I to .•>(» feet, hut thov were -ill 
deep. When fitter] ^to tlie lowing :ii)]>,-,ra(us the upper' ed^o was 


10 indies 
lA inch 



Spfto.d. in feet per minute. 
Fio, 88. 


below the siirtaee of the water. Tlie framework supporting the board was of 
special design, l^rt of it, the forvfard support 1), formed a cutwater to the 
ward, and was like a sheath, so tliat it •oould lie easily detached and secured 
to the frame bj5rpins or bolts. 
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The investigation on surface friction was separated into the following 
divisions :- 

(1) To determine the law of variation of resistance with the velocity. 



Zenith of Surface in feet. 

Fk;. 89. 

(2) To determine the differences in resistance due to the qualify of the 
surface. ' 

(d) To determine the variation of vesistance per unit of surface at different 
points of the length of the surface. 
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The results of the experiiuenis were plotted in curves, which are shown in 
figs. 88 and 89. In fig. 88 the base line measures speed and the ordinates 
measure resistance. The curves of this diagram therefoi'c cstahlisli the (1 ) law 
of variation of resistance with the vel()ciU\ 

In fig. 89 the base line measures length of plane and the ordinates measure 
resistance. These curves show that the resistance ])ej- unit of surface vaj-ies 
at dilferent points of the length of the surface. Had the resistance per unit 
of surface been uniform tliroughout the length, the curves in this diagram 
would have beefi straight lines. The fact that they are conc.ave towards the 
base shows that the resistance pc unit surface becomes ](\ss as the length 
from the forward end increases. 

Corrections were made in the results for the air resistance of tfic supporting 
frame, and for the resistance of the cutwater support and the shfijie of the tail 
edge. The latter correction was determined by experimenting on vcmt short 
planes with ends varying from sfpiare to sharp. 

Kxperiments vere also conducted on planes with dillerent <pialities of surface 
to determine (J), bj' later and more complete investigations wei*e made, the 
results of whii.di w<'re pubiislicl n ilie 1&74 Ivcport of tin* Hntish Association 
Tlie Svirfaces tried wci-* 

(!) \ aniisli. 

(:i) liar^tfirn 

(d) Tinfoil. 

(4) (lalico. 

(5) Fine sand. 

((J) Medium sand. 

(7) ('oarsc-sand. 

d’he results are shown in figs. 88 and 89, lint are summariscrl in the 
following table, wiiich was included in the report. 

Tn the headings of the columns — * 

in is the power of the speed to which the ’•osistanee is projiortional. 
f,„ is the mean resistance in lbs. per s<piare foot of surface on t he length of 
plane specified in the heading. 

is the resistance per sijnare foot on the last foot of the lengtli which is 
specified in the heading. 

The results ar^‘ all given foi-ii^peed of (iOO feet per miiiu%3 ^ 10 feet })or 
second = 5 -9 2 knots. 

It will be sec. tliait t^e jniwTr of^the speed is Lw'o, or neai’Iy tw'o,'injill 
cases, and that there is a Omdenc-y for the pc^wer to decrease as the lengtli 
of plane incn'ases. • 

It will be found from the curves that the power of the speed, although 
given in the tables for a particular speed of 600 feet per minute, is [iractically 
constant throughout the range^of speed in the diagram. 

The formula for tl» tot'd frictional resistance may be expressed — 

where is the total frictional resistance, 

S is tke submerged area of the surface 

V is the speed of the surface relatively to still water, 

m is the power of the speed JMJcording to wdiich the resistance varies, 

/ is a coefficient depending upon the nature or roughness of the surface. 

m and /are values wdiich can be obtained from the followdng table. 
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E.rperi nieut» on Surface Friction, 
m -Power of speed to wliieli losistaiiue is a{)proxijuately propoi 

f'm — Resistance in Ihs./fL- of surface, taken as a mean over the length specilied in heading, 
— Resistance in Ihs /ft.“ on unit at a distance from the cutwater specified in heading. 


Lengtli (d‘ surface, or distance from cutwater, in feet. 




2 feet. 



8 fe(R. 

20 feet. 

50 feet. 


m. 

i 


/». 

m. 

/».. u 

\ u 

u 


f>„. 

/». 

Vjiniisli . 

I 2-00 

t 

•11 ' 

•390 

1 -85 

■3-2.0 264 

i 

1 -8.6 : -278 

•240 

1-83 

2.^>0 

•226 

Paraflin . 

1 ‘9,^1 

•38 

•370 

1-94 

•311 ; -260 

1-93 -271 

• *237 




Till foil . 

' 2*16 

1 -30 

•29.^) 

1-99 

•278 1 -263 

1 -90 I -262 

244 

1-83 

•246 

•232 

Calico 

1-9.1 

1 -87 

72,0 

1-92 

'•626 -504 

1 -89 -531 

•447 

1-87 

•474 

■423 

Fine Sand 

1 

i 2-00 

•81 

•690 

2-00 

•583 1 -450 

i 

2-00 1 -480 

•384 

2-06 

•405 

•337 

I 

Alodium Sand . 

' 2-()0 

•90 ' 

•730 

o 

o 

<Zi 

to 

00 

00 

2-00 j *534 

•465 

2*00 

-488 

; -456 

i 

Coarse Sand . 

2-00 

1 10 ' 

•880 

2-00 

•714 ! -520 

i 

2-00 ; -588 

1 -490 


i .. 

I_ 

1 

1 


All run at constant speed ot 10 it /sec. 

= 600 ft. /mill. 
-rf)-92 knots. 


It is }i matter of ^rcat im])ortauoo to determine tlie values of 'm and f 
that should he taken for a v'jssed with a painted hull, as nearly all steamers 
have a pa,iut('(l surface in the water. Tlie condition of the skin of a vessel 
varies very niueh. When th(‘ skin is in a foul condition there is a marked 
decrease in the spiaal from what it would he were tli(5 skin clean. 

Tlie following are the results of trials of the same vessels, made, in each 
case, with the same kind and (piality of coal, and under the same coinlitions 
of wind and sea, the same number of boiliT. heinej used in each case. 

For eonipansojj, a measure of the etheienU’ is taken in che form of cube 
of speed divided liy the coal consumed per day. 


! 


Niimc of Sliij) 


U.S.S. “ Charleston ” . 
U.S. S. “Haltimorc’’ 

U. 8 S. “ 8aii Francisco 


• 

a 

s 

tt* 

Sr-* . C -te 

O C W3 - 

•2 c 

s ^ 

:S 

o £-3 

o t- 

3) XI 

.2 J- 


® a. 

0) 

O « ^ 

03 

a .. 

Foul 6 -8 ' .50 -9 

449 

163 

('lean a7!49'4 

341 

208 

Foul lO'O 55-2 

331 

239 

Clean 1 1 *3 ■ 60 .5 

321 

271 

j Foul 9-1 61 8 

405 

219 

Clean 9-6 58-8] 

367 

235 


35 1 


1 OT 1 


^ .* 1 

>.*'■ 1 03 1 

1 ' G C ! 

' r! ^ ' - 3 

1 ® T! C ^ 

"S . 

1 

O X ' 

•S II 

ea 2 G 

0)7; C.^ >rH 


21 S3 

O Om 

H 

2 'y 

•£ G 1 

W 15 1 

*^2 efl .. 

1-3 

O) . •.!? ** 

' Q '*1 
, o 

. 

5 «4-l 

" i 

35-3 

I 

1 8 9 

1 1 3730 

5 j 

33-1 

1 20-0 

1 

2-25 

1 : 

45-0 

i 22-2 

1 ‘ 4100 

4 

46*7 

i 30 8 

1-1 

1 1 

40 3 j 

18-7 

1 40SH 

74 I 

34*8 ! 

25 -4 

' 1-36 

, 1 .1 
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It should be pointed out that foulness has an indirect (‘fleet upon the 
speed as well as a direct one. Owin^j to the increased resistance, it is 
impossible, with a j^iven etiectivo pressure, to obtain tlie same number of 
revolutions with a foul bottom as when the bottom is clean and the n^sist- 
ance less. 'Phus, unless Die mean eftectivc pressurt' can Ik; increased when 
fouling ensues, the revolutions and will fall o^T^^hen tlio ship Ixicomes 

foul, and there will b-^ a double loss of speed. 0 

In making an estimate for the necessary power to oxercomc frictional 
resistance, it is assumed that the v'essePs bottom is clean and newly painted. 
We can thus assign values to m an(\/‘that vaiw be us(‘d in nearly all' estimates 
of this kind. For large vessels the value of /// is taken as F8:{ and of 

•25 lb., which when luultipHod by ^ives ■00!) = /I The fonuiilii, 

therefore, for, the frictional resistance of a, ves.sel is 

where 11/ is the friclioiial resista,nce in lbs., 

ttre expanded area i llic wetfed skin (s(]. ft.), 

\ is till' s[)ee(l of tlu' \css(‘I in knots. 

The h-)rsg-p(n\< .* necessa.;,- to overcome the fricitional resistance will he 

lb X V X tOl’dd (101-.‘U{ heins the number of feet in 
• - . 7 TT/w-v/v — ‘‘ “iwitiual mile, ilivideti by ()(>, the 

ooUOO minute.*) in an hour.) 

•009x 101-33 
- 33000 

•= -00002703 X .S X 

The most ttccurate method of obtaining S is4>o expand the girths of thi' 
sections and the waterlines and find the develop(;d area, hut a close enough 
approximation to S can be made by using the follow ing formula : — 

S= 1*7 LD + ^published by Mr A. Denny ^ 

w here length of^essel in feet, 

• 1 ) = drai^^t* m feet, ' 

W- vpliimc of disfjlaceiiieiit in cubic feet. 

V 

In this formula LI) roughly re presen .;S^ the area of one side and 
the mean waterliiu* area. * ^ 

The follow-ing ait^ values of /* that may be taken for the frictional 
resistance of a vessel moving at 5*92 knots: — 


200 25(W 300 350 400 450 500 

•232 •229« -228 *227 *226 *225 *225 


Length of \ 
vessel j 

/ =ll).s. per \ 
ft. ] 


50 100 150 

•25G -242 • -235 


*00988 -00934 •00907.-00896 ‘00884 *00880 *00876 *00872 *00869 *00869 
ries of values of ( given in the following table : — 


A series ( 
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V. 

/ V y- 

V 

/ V y 

V5 02; 


V5 92; 

1 

•0380 

21 

10146 

2 

■1373 

22 

11-048 


•2883 

23 

1 1 -985 

4 

•4882 

24 

12-955 

5 

•7341 

25 

13-961 

<> 

1 -025 

26 

14-999 

7 

1 -SfiO 

27 

16-071 

8 

1-735 

28 

17177 

9 

2-152 

29 

18-317 

10 

2-610 

30 ; 

19-489 

11 

3-107 

31 

20-694 

Hi 

3-644 

32 ! 

21 -932 

13 

4-219 

33 ! 

•23-202 

1 1 

4-831 

34 1 

24-505 

If) 

5-482 

35 1 

25-841 

10 

6-169 

36 1 

27-207 

17 

6-893 

37 

28 '606 

18 

7*662 - 

38 i 

30 037 

10 

8*448 

39 i 

31-499 

20 

9-280 

40 I 

32-993 


Thcsu values are shown in a curve in fig. 90, so that 
values can he read. 
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Take as an example a vessel of 2200 tons displacement and dimensions 
330 ft.dength, 42 ft. breadth, 12 ft. draught. 

S = 1 *7LD ■!- ^ = 1 •11 00 s(piare feet. 

The frictional resistance at 22 knots is 

* ' \l, = -221 X 11-048 X 13150 = 3.3000 lbs. about. 

(2) Eddymaking resistance. — Kddymaking resistance is due to 
abruptness of change of form, and is comparatively small in modern ships. 
It is so small that in all questions affecting resistance it is loft owt of account. 
A square-ended stern-post causes i‘ddymaking resistance, but it is seldom of 
an appreciable amount, and may bo easily obviated. It will be shown later 
that it can be deluded in the wavemaking resistance. See p. 108. 



CHAPTER IX. 

WAVES. 


^A^ave of Translation. — Before entering on the subject of wavemaking 
resistance proper w(' sliiill look Inuefiy at the commonly ’accepted theories of 
wave motion. 

I.ord Kelvin defines a wave as^ “the progression throiigli . J^iatter of a 
state of motion, ’ or as “ the progression of a displacement.’’ TaKiiig the case 
of water waves, tlie motion wld(;h travels and forms the wave is an elevation 
called the crest and a depression called the hollow. Tit us the water itself 
does not travel, although the tvave form does. The simplest way of seeing* 
this is to take a piece of rope G to 10 yards in length, fix one end of it, and 



then to shake thp other end. The tvave i\o will be seen to ^travel along the 
rope, but the rope itself only swings to and fro:*’ 

Let us take, in the first place, a solifffri/ wave^ or fiuvoof trt insolation. This 
wave represents the result of a local disturbance, as opposed to those which 
we will consider later, which occur naturally in definite scries, and are produced 
by some widely-spread disturbance. 

Su])pose we have a canal such as BK (fig. 91), and at one end of canal, 
say A B, we can bank up water as shown at A BB' A'. Now if we suddenly 
remove A' JV the hea])ed-up watqr will travel along the free level surface 
as a heap of water, and will (ymtinue to so travel until, through viscous 
forces and air resistance, the energy is entirely dissipated. This wave is a 
wave of translation, and there is a natural speed — + fc)r this wave, 

where d is the 'depth of the canal and h the height of the wave. 

The form of tlic wave surface, for small waves, is sensibly a cur\e of versed 
sines, the horizontal ordinates of which vary as the arc of a circle of radius cf, 

and the vertical ordinates are the versed sines of a circle of radius 
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Thus 

y = ]Ji vcrsiii 6^ - (1 - cos 

The wave-lcngtli wlu'ii h is small. If h is very small compared 

with d, as in the ease of a long wave, v -- —nearly, the same as that 
required .by a body falling freely from a licight equal to half #he depth 
of the canal. ^Hcncc the natund speed of a /o?a/ wave in fi canal d feet 
deep is Jyd feet per second, i.e. in a canal S feet deep it would be lO 
feet per second, or about 11 nines per hour. Scott llussell, in a series 
of experiments ca.rried out on the Forth and Clyde Canal, observed that if 
the Sliced of the boat was less than this ndtural velocity a train of waves 
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was left behind tjic boat and the length of these waves was such that 

* their veloei t? atioii was equal to the velocity of the boat, the boat 

taking up a position just on the rear slope of the leading wave (tig. 92). 

ddic length of this stern procession of waves, if the fluid is perfect, depends 
on the time the boat has been running. The water is, however, of a viscous 
nature and stops the procession of stern waves at a certain distance from the 
boat. In a canal this cUcct is very noticeable, owing to the water having to 
flow up and down the banks and across the bottom. 

Idle rear of the procession of waves travels at half i\w s])cod of the boat 
when the water is at least one wave-length in# depth, or, without any very 
serious error, a depth of at least three-quarters wave-length. Now the work 
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done in dragging along this boat is equal to Jhe energy required to generate 
the procession of waves astern. The work so done pti iniuute in foot lbs. 
divided by the distance travelled per minute by the boat gives the wave- 
making resistance in lbs. As the speed of the fastest “ long wave ” which 
can i^OHsibly travel in a caual^is, as given above, Jyf, where d is the depth of 
the canal, it follows^ that if a boat be dragged along the canah at a higher 
velocity than this natural velocity it wil? be unable to make a regular 
procession of waves cit all, URs no wave could kfep up with the boat. The boat 
can only make a kvnip travelling along with it, as shown in fig. 93. 

Consequently since there is no continual production of waives above this 
natural velocity, no energy will be expended, i,e. there is no wavemaking 
resistance. The discovery of thfh critical speed resulted in the introduction 
of canal boats known as “fly boati:^?” which were made of sheet iron and 
drawn by a pair of horses. “The boat starts at a low velocity behind the 
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wave, and at a given signal it is pulled up with a sudden jerk on the top of 
the wave, where it moves with diminished resistance at the rate of from 7 
to 9 miles per hour.” 

If tlu! speed of the boat be e(jual to or less than that of the natural 
velocity of the wave system, the procession of waves formed asbu'n can only 
kei?p up with the boat by a continuous generation of waves formed at a rate 
sufiicient*to make up for the natural lagging behind of the systt^m at the 
stern. The rate at which this lagging behind takes place ,is one-half the 
speed of the boat, because the system will, as already stated, naturally 
travel at one-hall the speed of the boat. Hence the amount of energy 
consunKid in , overcoming the wavcmaldng resistance through the distance 
between the bow of the boat and the rear of the procession of waves is one- 
half the toDil amount of energy in the system. 

It is therefore necessary to be able to determine the amounttof energy in a 
wave system in order to determine the wavemaking. resistance. 

'Jdic same considerations apply to a ship in the open ocean, but with some 
modifications due to the circumstances. 

• 

A JB 



Fig. 94. 


TrochoidaHW^av’C. — The exact form^<^.’^he waves of /he ocean is not 
regular or easily determined, but it can bj' shown ttiat a troclioidal wave, which 
is approximately of the character of a sea wave, is h^tdro'dynamically possible, 
and is capable of forming a regular series. If this can be proved, it makes 
calculations as‘to distribution of pressure in a wave quite definite and simple, 
and makes possible the solution of some problems. 

A trochoid is the curve traced out by a point on a radius of a circle, this 
circle being rolled on the underside of a giveii line (lig. 94). The limits of 
the curve are a cycloid and a straight line. * 

To establish the fact that sVich a troclioidal form of wave is one that is 
possible, we must prove tliat these conditions oF motion are consistent with 
all the necessary hydrodynamic conditions of fluid motion. 

The formation of a troclioidal wave has been outlined in Vol. I., 
Chapter XXIV., fig. 195, and the basis of^the Troclioidal Wave Theory has 
been given at p. 319. The proof of the Theory is given here. 

In order to construct a trochoidal 'ifave the following conditions must be 
assumed : — 
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(i) A series of horizontal planes or layers of smooth water assume a. 

trochoidal form in wave water. 

(ii) Particles of water in the wave all move in vertical planes in eireular 

orbits with the same uniform angular velocity. 

(iii) Particles in an originally liorizontal jdane take u]) the orlhtal motion 

in uniform succession. 

(iv) The radii of the orbits of the par+’^^les' originally in rfie same 

horizontal plane are ecpial. 

(v) The ra*dii of the orbits of particles decrease jis the depth of the 

original horizontal plane increases. 

(vi) Surfaces of ecpial pressure in still waiter, i.e. horizontal [)liM)es, will 

be surfaces of ecpial pressure in the wave, /.e. ti-ochoi^al surfaces. 

(vii) '^I'rochoidal surfaces and subsurfaces are of the same length and have 

tht^r crests in one vertical plane wdiich is perpendicular to the 
^ertical plane of th(' orbital motion. The hollows are necessarily 
in a parallel vcu-iicai jdano. 



Let us first deal with a single layer which in still water is horizontal. 
We have to show that if the particles take up the motion in uniform succes- 
sion in vertical circles with the same uniform angular velocity, the pressure 
on all the particles will be the smue. If we consider all the particles at any 
time after they Imve all taken ^\^rThe orbital motion, it will l*j seen that they 
will at any instmit lie in a tiVchoid. ^Tliis can be seen from fig. 90. 

If we consider the position of the particles when they have rotated through 
a further small angle anticlockwise, we see thut the crest of the trochoid will 
have moved to the left, and if a continuous uniform circulal’ orbital anti- 
clockwise motion be giAui to the particles the crest will move uniformly from 
right to left. It will pass through a length from crest to crest in one complete 
revolution of the particles. Suppose the number of revolutions per minute to 
be then if the trotjhoid be generated by the revolution of a circle 2K in 
diameter the distance the crest will move through will be ‘lirWn per minute. 
The movement of the crest’ or any other poiiU of the wave surfani' is a wave 
motion. Ng particle moves through more than ^irr per revolution, wdiere r 
is the radius of the small orbit of the particle, but the form ol* the trochoid 
moves through in the same time. If we call V the velocity of the wave 
it will be equal to 2Tr\ln. Jf, now, wx impose on every particle a horizontal 
velocity V from left to right, the form” of the wave will be reduced to a zero 
velocity, and the particles of water will flow in the trochoidal stream of tl?e 
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form of the troehoiclal wave. The forces on the particles will not be 
different tf) what they were before the uniform horizontal velocity V was 
imposed on tlicni. 

Wo will first show that in a (rorhoiffal sfremn- the pressure is uniform 
throughout for a definite relotion tfctween the radius ]i and the angular velocity 
of the orhit. 

F<n’ si'ach a strtSMUi Px'rnoulli’s cipiation* will hold, viz. — 


N 



* Prvqf of lin'uoulfPs Theorem. — Let A H, fig. 97, be an elementary stream tube in a 
steadily flo^^illg In^iid mass. In a .short inler\Mi>i^ time, let A B come to A| B,. The 
work done by gravity due In the hill of A B to Aj Bj is .same as that done in transferring 
A A^ to B B,. Let the cross section urea of 4ube at A be otj, the vedocity I’j, the uiiital 
ju'e.^^suie and tlie height above datum line //|, and let o.j, Cg, and Ji., be the eoiicspond- 
ing quantities for the cross section i^t B. Since the fluid is incompressible, the quantity 
Qf a,7’F- volume A A^ flowing in at A must equal the volume flowing out at B, / c. volume 
B Iq -- a^rj, or we have Q = ai?’, = *1 h® woik done by gravity, therefore, in the fall from 

A A, to B B, - /cQ/f/q //•,] (?/• = weight per unit volume). The woik done by the jiressure 
over the ends during the motion of the stream line from AB to A, B, is - p-^a.^v^t. 

If the motion of the stream lino A*B be not widely different from that of the surrounding 
stieam lines, then the frictional and viscoms re.si.stances wiil be negligible. The work done, 
therefore,, by gravity and jircssiiro is !lpent in accelerating the motion of A B, and therefore 
- /i.j) - p.j) = dillerence of kinetic energies of B B, and A Aj , 



^ 4 - j = 4 z= constant. 

2g w 2g w 
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V2 p 

ij- +7 + /a = const, where V is velocity,* 
p is pressni-c, 

h is the vertical distancci from a (l.itiiiti straiLclit 
line. 

Tf the pressure is uniform throughout, will he constant and 

w 

V- 

- -j- h = constant. 

AB, fig. 94, is the straight line under which the circle A (M) is rolled. 
The full line represents the form of a trochoid, the dotted line tint of a cycloid, 
whicli would represent a wave just on the point of breaking. B is half a 
wave-length. 

The particle P has a velocity e which is the resultant of the orbital 
velocity 'Iwru and the im^ii'cssed velocity 27rB».. The triangle PON, fig. 96, 



where () N and O P are perpendicular to the directions of these velocities, will 
represent tliem. P X will th(ir(‘forc rej)reHent the velocity v and be jierpen- 
dicular to it. It can be i^hown that if O N = U, f* N is ])erpeudicular to the 
trochoid. t Hcmce I* N will icnr esim t the velocity v on the same scab' that 

* Smcc the motion is supposed lo bo steady, the Iriction het/ween tlie particles (»l t iu; lnjuid 
and the viscovSity .lu- suniii fivugli to be iie/flected. and the liquid being ineonipressibln, \v(‘ 
can proceed to apply Bernoulli’s Tho< rom to the stream-line systems. 

t P N IS normal to the .surface of the ivavc, or, whift is the same *’<ing, the tangent to tlie 
trochoid at P is at right angles to PN in fig. 98. Take the coordinates of P witli rjderenee 
to axes througii H th^ point of contact of the rolling circle, at which ])oint <? = 0, 

then tan a= ' 
dx 

Where a is the iingle«the taiigent to the trochoid at P makes with the horizontal, 

ai-HN + KP'" 

• = R0 r sin ^ 


and 


and 


'y = ON - OK 
~ R -f 1 ’ cos 9. 

= - /• sin 9 


= R®^ T CO.S 9. 


dx 

Te 
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0 P aiul O N rcprosciit and respectively. Call P N, p and 27r?i = w. 

Then thcj orbital velocity of P = /•<«, the impressed velocity is Kw and the 
resultant of the two is pm. 

The values of p corresponding to and V2, the velocities at hollow and 
crest, will be (R-f-r) and (R-r) respectively. Hence 

?^j“ = (R + »‘)V. 

Fi’oin Rernoulli’s etpiatiou 


v'^ p 

2 // ft> 


-hh~ constant. 



Fif! 98. 



If j7 is constant throughout the streaju tube then, see tig, 96, 

- V- — 2f/SK = 2<'p*n - cos 0) 

heiitje (R + r)V - /jV- - 2y?-(l - cos . (a) 

From the triangle P O N * * 

p- = + 2R?* cos 0. 

Substituting in (u) we get 2 Rro)-(l —cos ^) =- - cos 0) which will be 
true if R ^ 

^ 

dif_ - r sin d * 

dx K + >’ cos 6 

- 

KN 

But ^yzr-taiia. 
d.v 

.‘.the angle KNP=:a ^ 
and NP is normal to the trochoid. 
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Hence we have established a relation })ctwcen the speed of orbital motion 
and the radius of the rolling cir(‘le of the trochoid which will satisfy the 

condition of being constant. That is to sav, that a. trochoidal stream of 
rolling radius which lias l>een generated by the orbital motion and the 

o>“ 

reversed velocity assumed will have uniform pressure throughout. It imiy 
therefore 1)0 a free surface or a subsurface of uniform ]>r(‘ssure. * 

Period of Wave . — The ]>eriod T of the wave from hollow to crest = ■ 

OJ 

I’mt R=''- 

Hence T = 7r./*‘'- 

' if 

The period 'I' of a conical pendulum for a half revolution is n- J- where / 

if 

is the leierHi^of the cord. 

Ther(\o]'(‘ ihe 2 »enod oj (hv wave the same as that of a siviple cpiL'ical 
pendulum trhose length of cord cifual to the rndhts of the roUhaf circle of 
the iva !!( . 

• Length of . If X is the length, from crest to crest, X= ^Trli 

= %'/ 
a>“ 

Having shown that a trochoidal stream is one of uniform ju'essure if 

y, it 

\ we may now considm* what relations must exist between successive 

trochoidal streams generated from successive horizontal layers. It is seen 
that any value of r less than liis consistent with uniformity of pressure. We 
can therefore draw another trochoid ]\ (fig. 99) at a distance N — O 0^ below 
the trochoid P, but with a value of ?•, O, Pj not equal to O P. If the surfaces 
are of uniform pressure they may be considered as boundaries of a pipe P ]*j 
through which may run all the water originally between the horizontal layers 
which ultimately liecame the trochoids P and P^. If there are no empty 
spaces in this pipy tlit* pressure in rtie lower trochoid will support the water 
in the pipe. If there were empty spaces it would be neetjssary to have a 
material boundurv which Vould not cTiange form under the varying pressure. 
It is evident that if the trochoidal boundaries are not to be distorted in form, 
so that a confused mass without wave form would result, ^he ])ipe must 
run full. 

If, as before, v be the velocity, fig. 99, v = pu), v PQ measures the flow of 
water in the trochoidal pip(‘.. For continuity v PQ must be constant, Le. 
po>P Q and therefore p P (^) must be constant. 

• 

P +*PQ — ()^ + NNj cojj <f>- 
Let p^-p — df) and 
Then PQ = dp + cos </> 
pPQ = fx/p + pdY cos 
p 2 H 2 ^ ,y 2 cos 6, 


but 
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Difrercntiatii)^ for tho 8ame value of Oj we have = + H cos Odr. 

By inspection wo have p cos <fi— li + r cos 0. 

Substituting wo have pV(d = rdr+ Ih/Y 4- (Ib/r-f n/Y) cos 0. 

In order that pPQ shall be the same for all values of <9, 

lb/>- + rdY = 0 


Integrating we have 



(/V 
K ‘ 


log r = 


U 


+ const. 


If Y=^0 when the radius of the tracing circle of the surface 

trochoid, then the const. =log and 

logr-log)-„= - iuul 


This i-elation of r in terms of tl e depth of the corres]>onding line of orbit 
centres b 'o\y the surface lino o’* ceutros enables us to detcriiiine a frochoidal 
surjace jrinch in i^fveantdi uf iuotiou Afus a miiform pressure and is eapahle of 
forming the houndarg of a stream uf continuous Jioin. 

To d{'tcrn 4 in'‘ 1 ho posi^ioij of this trochoid it is only necessary to notice 
^lat tile sarue aniount of water must lie between the trochoidal surfaces as 
lay between the corresponding horizontal layers. 

The tiuu) durin.g which the particles have moved through dO of their 

orbital motion will be --- and the volume swept through will be — 

U> 0 ) 

pdOVQ per unit of length of wave, measured along its crest. 

►Summing this up between 0 — 0 and O^'Itt we get volume between 

trochoids = / 

J 0 


But p. Ih^) = rdr + Ib/Y + {\idr + rd\) cos 0. 
►Since Mdr + rdY ~ 0, p.PQ, = rdr + IWY. 


Vol 


R(/yV^^ 


)]. — / f'dr-\- \\dY)dO 

' , 

\ R / 

If be the distance between the layers instill water, 27rRr/Y(j =- total 
volume. 

Hence 2trlb?Y() — 27 r^^ - </Y, 

• I'- 






This expression gives the rehUiomof the distance hetween consecutive heyi'izontal 
layers to tJuit hetioeen the centres of the tinichoids^ which in this position ivill con- 
tain hetween them the same amount of water as was between the horizontal layers 
VOL. II. 9 
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II once from uniformly spaced waterlinos we can get the corresponding 
spaces botwcoii the rolling lines of tlic tnxthoids. 

It should bo noticed that the surface trochoid must be placed at such a 
position that it includes the same amount of water as in still water. To do 


this Ute rollimf centre must be raised above the still waterline. 


With E (lig. 100) as origin, .r— (IlN + Kl^) = Ji^ sin 

// SK ^ 0,S - O, K = 'y‘(l - cos 6). 

fnK 

Area of trochoid KFX— 1 

J.r = ( R + r cos 

Substituting for // we get ydx- r{\ - cos 6){V\ +?-cos $).d6. 



IfjW'o integrate- the right-hand side of this for all values of 0 from 0 to 
w e shall get tlie area E F X, 


l’r(l -(■ob6I)(1!- 


r &)M KF\ 

-.,(11 -IV-KKX. 


^What w'o have to tind is the position of the waterline W L which shall be 
^1 that the areas W Tit and FTL are e(juaL This W L will occupy to 
trochoid F F the position wdiich the original horizontal still waterlevel 
Avrfl occupy to the trochoidal W’av(‘ surfaire. If /• be the distance W E then 
“ l-EFX. 

/’ttR — 7r/*( R — ^ 


Ic^r 


2R 


but Z =OE-OW = / -OW. 

ou - L. 


That is, the rolling centre must be raised above the still waterline. 

, 2K 
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We can now construct a series of trochoidal surfaces in wliich the pressure in 
each trochoid is uniforni thouf^hout, and between which there are no void spaces. 

Pressures in Trochoiilal Surfnirs . — To determine the pressure in eacli 
trochoid, let us consider the orbital condition between two consecutive 
trochoids. 

In fig. 101 any element of unit section between cv)nsecutive trochoidal 

surfaces has a centrifugal force acting on it^-^^.P(^) (w being the* unit of 

mass), and the force of gravity The resultant /! I of these forces 

acts along P N. 

Hence r : u : fj : : : tm/ : 1 

r 

■■■ or/.l\)="|fl>Q. 


JT 



This forc<‘ causes a {liHii?rence of pressure in the two consecutive layers 
which may be called (/}). Jfen(;e^/y>— But pVQ is constant through- 

out the stream ; therefere 'fp is constanf. Jleuce if we have a surface trochoid of 
uniforni pressure^ the next surface oelow ivill ho ve a pressure increased throuyh- 
out hy a constant amount^ and therefore will also he uniforni. This* being so, the 
next and all others will b< uniform. Hence, in the assunud construction of a 
trochoid, all the surfaces have uniform pressure. To find the pressure we have 



= my.d,\^y 


Hence the increment of pressure in passing from one trochoidal surface to 
another is the same as the difference between the corresponding horizontal 
layers. Since the pressure at the free s*irfacc is the same in both cases it is 
evident that — 
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The prei^mre at any point in a trochoidal wave is the mme as that on the 
particle in its correspovulimj position in still water. 

Construction of Wave. — Hence, tiuinmarisiug, we are able for a wave of* 
known liciglit and length to determine the exact position of every particle in 
the wave, so that there arc no void spaces; and the pressure at every point. 

(1) Knowing the value of r^^, the half height of the wave, we can find the 
value of 'i' for any trochoid whose rolling line is V below the rolling line of 
the surface trochoid, from the formula — 


(2) The rolling line will 


2Jl 


above the corresponding still-water 


horizontal line. 

(3) The pressure! in any trochoid will be that of the still-' ater horizontal 
line from which it has been evolved. 

This particular mechanical arrangement of wave may not have the exact 
form and distribution of a sea wave, but it is one which cannot differ very 
much from it, Jitid is one which is hydrodynamically possible and stable, and 
we may determine the forces which act upon a ship in a seaway with a fair 
degree of appioximation. 

Any deviation from this assumed form will cause a change (-!* forces, which 
will be small and comparatively the same between different ships. This is 
the assumption on which our strength and rolling calculations are based. 

The Knenjy (f the Wave. When the particles in the wave are at rest those 

in any layer are -- below their mean position \\hen in orbital motion. 

Hcn(!e there mnsl Ix' an expenditure of em^rgy to raise the particles this 
amount. Further, there is tlie accumulated energy of orbital motion. 

In any one [)articlc of mass m and velocity v the total energy will there- 
fore be 




But 


V — 0>?* 



Fnergy ^ 


VKjr^ m jr^ 

2K7 '2\i 


nijT^ 

B ' 


Hence the total energy in a trochoidal layer equals the weight of the layer 
multiplied by 

It will be seen that the energy due to raisi.ig the particles is the same as 
that of the accumulated energy. Tn other words, the total energy is one-half 
jiccumulated and one-half due to position, sometimes called “ potential energy.” 

AVe have now to sum up the total energy of all the particles to obtain the 
energy of the wave. 

Earlier m this chapter wo saw th.at the area between two consecutive 
layers, whose rolling lines were a distance f/V apart, is 

[%.rQ.dh = ?y(R2 _ 

J 0 R 
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-Hence the weight of wjitor between these two consecutive hi^^ers, sn]>j)Osing 
a unit widtli, is 


^TTW 

~R 


(R- - 


wh(3rc w is weight per unit volume. This gives the total energy of tins layer of 
unit width as 

(1) 

We have already seen tliat 

Jh/r + n/Y = 0. 

Hence fJY — - • (fr. 


Substitute tfiis in (i) above and v ^ot total energy of volume between layers 
and of uiiK. width as 



• <h\ 


So that the total energy of the w^ave of unit width, i.e. the total energy of 
all the layers fr<Mn r — 0 to = is 



• f/r 




Hence, if w^e have a waive of height h, Im'adtli 6, and length /, 


so that 


h ~ 


I = 27rU, 

the total energy is ~ d -/ ) 

or, changing sign, is enerj^y is ])ositiviP, 

hw}i^( . 7r^4"\ 

=-;se--a/j 


hum, 

8 


(-i?> 


Usually is small, and energy may be talve# to be \ that is, it varies 
I 8 


as the sipiare of the height oT the wave and directly as its length. 

Shallow- water lVaf;es . — In shallow' water of uniform depth the paths of 
the particles Ix'coiJK' oval in form, the height of the orbit being less than the 
bre<adth. The ovals are very nearly" ellipses. 

On the assumption that they arc true ellipses, that the angular velocity 
of the pai'ticle is uniform, and that the*press\ires at the crest and trough are 
eqiial, w e are led to the following conclusions : — * 
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liCt a, h }>o the semi -major and semi-minor axes respectively of the orbi 
of th(' surface particles ; <o the angular velocity of the particle about th( 
centre of its oi’bit, anrl Jt the radius of tJie rollinjj^ circle. 

Draw any radius O A, fig. 102, mahing an angle ^ with the vertical ON, 
and cutting the auxiliary circles at A and B. Draw A I* parallel to N O and 
15 P parallel to H N. I'hen P is a point on the wav(* .surface. 

TakCf' as axis of ,r the horizontal line JI N along which the rolling circle 
rolls, and as axis of // the vertical line H K through the trough of the waxT, 
f.e. when 0 = 0. 



Fio. 102. 


Then the coordinates of P are given by 

.r = 1104- a sin 0 
// = Tt -f A cos 0 

and . '. — {li (f cos 0/^^ 

df ' . ^dt 

= ( II a cos 0)a>, 

and at the crest, velocity =01 - ' 
and at the trough, velocity , =(ll4-u)(o. 

At the crest 0 = 7r and at the trough 0=0. And therefore, on the 
assumption of eipial pressures at crest and trough, 

(II 4 — ( H •— =~ 2(/. ’Ht. 

' •» .7 

. •. , <,)“ = 

a II 

I 

If V is the velocity of propagation and /= ^ttJI is the wave-length, 
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If h^.a we get the ordinary trocJioidal wave. This equation can be reduced 
to the form 





27rd 


'l-rrd . 


where d is the depth of water and tanh is tJie hyperbolic tangent given 
by the formula 


tanh 


27vd 


Znd 


^ I 


"ind 

sir 


+ € 


If d is very small compared with I 

tanh 




I ’ 


and f>^~gd^ 

which is liie formula already shov ri to apply to w.aves of small ratio of height 
to length in a canal. 

^ Thus, as^wa^ -ri deep water a])proach a sludving beach, the orbits at 
first become fiattei’, and tlie waves l)ccome of the nature of shallow-water 
waves. Afterwards, as the water shoals more and more, these are transformed 
to waves of translation, which break and roll upon the beach, carrying with 
them any floating bodies and heaping up the shingle. 

Jtipplesi or Capillary — In the theory of wave motion so far con- 

sidered, gravity has been the sole motive power assumed. When, however, 
the disturbing forces are very small, surface tension plays a great part in the 
phenomena. If the velocity of the wind, or a body drawn through the water, 
is less than half a mile per hour, no disturbance of the surface of the water is 
noticeable, but at about that speed the surface becomes coated with a series 
of capillary waves, which die fiway almost at the same instant as the disturb- 
ing force is removed. 

Formation of Wave^ (U Sea . — Suppose the sea to be initially calm and 
quiescent, and to be then exposed to an increasing wind. At first, while the 
velocity of the \.ind is less than half a mile per hour, there is no sensible 
disturbance of tljc smooymess of tligiJ surface. When the velocity is about 
one mile ])er hour, the surface is coated with ripples. This stage has 
this distinguishing circumstance, that the ];henomena on the surface cease 
almost simultaneously with the removal of the disturbing cauSe, When the 
velocity is about two miles per hour, small waves begin to rise uniformly over 
the whole surface of the water. Capillary waves disappear from the ridges of 
these waves, but are to be fomPd upon the anterior surfaces and in the troughs. 
As the velocity of tfie. wind increases, the*lejigth of the waves created also 
increases. The longer ones^ outstrip the shorter ones, and are less speedily 
worn down by fluid friction. Thus tlie long ones survive and absorb the 
smaller ones. 

There are, on the sea, frequently three or four series of coexisting waves, 
each series having a diflerent dir^^ction from the other, the individual waves 
of each series remaining parallel to one another. 



CHAPTER X. 


WAVEMAKING RESISTANCE OF SHIPS. 


( 

Havincj thus given a short diseiission on particular properties of the trochoida 
wave as the one most nearly corresponding to deep-sea waves, and yet allowini 
of simple calculations, we shall proceed with the study of wavemakiin 
r(‘-sistance proper. ♦ * ' 

Will'll a ship is in motion there is a disturbance of the “still-water and at 
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(1) AVaves with crests perpendicular to line of motion, forming the 

transverse scries. 

(2) Waves with crests oblique to line of motion, forming the oblique or 

divergent series. 



83 -ft. launch. 




Fic. 105. — Plan of Wave Systems made by different shij>s at 18 knots, ?l)owii.g the 
similarity of tlie systems. Position of wave-crests indicated hY^ha^llf. 


The bow and stern each form separate systems of tr^HPerse and diverging 
waves similar in form and character, bfit the transverse are much less marked : 
in the stern system than in that of the bow. 
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The profiles of the transverse waves are distributed along the line of 
motion, and may be seen where the wave -form is cut by tlie sliii), and can be 
looked on as a group of wan es somewhat similar to trochoidal waves, but not 
of uniform height. The speed of the individual waves is the same as that of 
the shi]), and so their lengtli, crest to cj-est, corresponds closely to that of 
a deep-water trochoid.al wave travelling at the sp(‘ed of the ship. A crest is 
always formed at, or clos(' to, the bow' ; this crest may be taken the fii’st 
visible result of the disturbance of the prt'ssurc c<juilibrium, /.r. the w^ave- 
forming tendency. The energy of this bow' wave is dissipated in a sternward 
direction relativel 3 ^ to tlu' ship, and this forius a second series of waves or 
“echoes.” The prim aiy and its echoes form one series as a whole. These 
series of diverging waves show pronouiu'ed crests spreading Awaiy from the 
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ship. The diverging crests are parallel to one another. The inclination of 
each crest to the line of •idvancc of flie ship is about double that of the “ line 
of divergence,” or the lim^ separating the disturbed from the undistiti-bed 
w^atcr. It will also be noticed that each of'the diverging crpsts appears to 
form the end of tlie transverse waves already mentioned, whose crests appear 
against the side ol tlu* ship. 

The diverging waves have a definite length : they advance in echelon. The 
angle that a line dn^wn thiuu*gh the crests ^nakes with the line of advance has 
been calculated upon limited assumption, and it is found that it is constant 
for all forms and all speeds, mnd is about 19 degrees 28 minutes. The diverging 
series formed by the passage of the stern has the same angle. *^»ut Professor 
Hovgaard has show'ii from observations on ships that it decreases as the speed 
increases. The value of this angle is generally about half that of the angle 
that the individual waves make wfth thi* line of advance. In many cases it is 
somewhat greater than this. The digging waves at the stern have an angle 
about equal to that of the bow series, but in many cases it is less than this.® 
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(1) AVavca with crests perpendicular to line of motion, foi’ming the 

transverse series. 

(2) Waves with crests o})li<pie to line of motion, forming the oblique or 

divergent series. 



Kig. 105 — Plan of Wave Systems made by diH'erent ships at 18 knots, phowii.g the 
siinihirity (d' the systems. Po.sition of Avave-crests indicated 

The bow and stern each form separate systems of tra^i^erse and diverging 
waves similar in form and character, bfit the transverse are much less marked 
in the stern system than in that of the bow. 
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Tho profiles of tlie transverse waves are distributed along tlio line of 
motion, and may be seen where the wave-form is cut by the ship, and can be 
looked on as a group of waves somewhat similar to trochoidal waves, but not 
of uniform lu;ight. The sjieed of the individual waves is the same as that of 
the ship, and so their length, crest to crest, corres[)onds closely to that of 
a deep-water trochoidal wave travelling at the speed of the ship. A crest is 
always fornu^d at, or close' to, tlu* bow ; this crest may be taken the first 
visible result of the disturbance of the pn'ssure ccpiilibrium, i.e. the wave- 
forming tendency. The energy of this how wa.ve is dissipated in a sternward 
flircction relatively to the ship, and this forms a second series of waves or 
“echoes.” Tho primary and its echoes form one scries as a whole. These 
series of diverging waves show pronounced crests spreading Away from the 
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ship. The diverging crests are parallel to one another. The inclination of 
each crest to the line of ?ulvance of ftie ship is about dcuible that of the “line 
of divergence,” or the line separating the disturbed from the undistifrbed 
water. It will also be noticed that each of*the diverging crests appears to 
form the end of the traiisvcrse waves already mentioned, whose crests appear 
against the side ol the ship. 

The diverging waves have a definite length : they advance in echelon. The 
angle that a line dnyvn through the crests 4,nakcs with the line of advance has 
been calculated upon limited assumption, and it is found that it is constant 
for all forms and all speeds, and is about 19 degrees 28 minutes. The diverging 
series formed by the passage of the stern has the same angle, ^hit Professor 
Ilovgaard has shown from observations on ships that it decreases as tho speed 
increases. The value of this angle is generally about half that of the angle 
that the individual waves make w^th the line of advance. In many cases it is 
somewhat greater than this. The diwgiiig waves at the stern have an angle 
about equal to that of the bow series, but in many cases it is less than this.» 
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The waves of a divergin'^ scirios arc curved in a .section along their length, 
coming to a crest and sometimes breaking. Tlie distance bet\\(‘on the crests 
of tlie transverse waves varies as the s(|uare of the actual st)ee(l. Wlmtever 
the length of the vessels, when run at the same s[)eed the crests of the 
diverging scries of waves would h(j ah-sohitely coiiaa'diait if plac(*d the one. 
above tlui other; also the crests of the transverse ‘'fvaves should ])C exactly 
coincident^ f^ord Kelvin gave the equation and form of these as in hgs. 109 
mid 110. 




Fig. no. 


We have seen that the energy of the waves is, relatively to the vessel, 
constantly passing away sternwards, but at the same tirtic the energy of the 
wave system as a whole requires to be kept up. The only place from which 
the energy can be supplied is from the ship, and hence we have a constant 
drain on the power of the ship wliich gives rise to this part of wavoniaking 
resistance. As to Uie amount of energy which is lost astern with* each wave, 
this will depend on the form of the wave, but it is genew^ considered that 
approximately one-half of the energy of each wave is lost astern. So that 
the work a ship has to do is to maintain a system of waves unchanged in 
character and position relatively to herself at half her rate of advance. 



Resistance ui Tons. . Resistance in Tons. 
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Tims if we suppose K to be the euergy of the wave, L the wave-length, and 
K the resistance due to its maintenance; wo get 

K = j!" or Rcc^l 

A similar expression would hold lor tJie divergent waves. From this it will 
be seen that the work necessary is to create one new wave for each system for 
every two wave-lengtlis travelled. 



At low and uioderatc speeds wavemaking resistance in well-designed 
vessels is practically ncgligi})le, but as the speed is increased we reach a point 
where the wavemakiiifr resistance forms an important part of the total 
resistance. The gre^th of the wavemaking resistance is not uniform, but 
follows a somewhat harmonic law. 

Injiunice of Parallel Mufdle Body. — Fig. Ill shows the influence of parallel 
middle bod)^ on wavemaking resistance, as determined by experi. ierit with a 
model representing a ship which without any middle body was *160 feet long. 
Into this model, successive 20-foot lengths of parallel middle body were 
inserted until the total length represented was 500 feet. The breadth and 
draught remain the same for all lengtBs of middle body. These models were 
tried at various speeds and their resistance measured Of course the totSl 
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resistaijci* was measured, })ut the frictional resistance could he calculated 
and then subtracted from the total, leaving the residuary resistance, which at 
high speeds is practically all wavemaking resistance. These two values were, 
for simplicity, plotted one on each side of a given base line. Each set 
represents th(‘ resistance at a definite speed for varying length of middle body. 
Tlie speeds range from 14’ f‘l to (i-TS knots. The features of the wavemaking 
resistance ere very marked, especially at the higher speeds, where the maxima 
and minima values of this resistamui are clearly defined. The crests of the 
curves show much higlicr resistances than the liollows, though the displacement 
gradually incrcjises with the length of the middle body. 

All ins]K‘ction of this ligure reveals one or two points which may lie 
I’egardc'd as ci'it(‘]-ia of wavemaking resistance. 

(1) The spacing or length from crest to crest appears uniform throughout 

each curve. 

(2) The spacing is more open in the curves of Jiigher speed, the length 

apparently varying as the sipiare of the spiked. 

(:^) The amplitude of the variation increases as the speed increases. 



(1) The amjlitude of the variation in each curve diminishes as the length 
of the vessel increases. 

These variations in residuary r(‘sistance for varying lengths are supposed 
to be caused by the intcrfeience of the bow and stern transverse system of 
waves ; thus we shouhl ha-vc a maxmmm for the resiHuary resistance when the 
crests of the bow- wave system coincide witi^ the crests of the stern-wave system, 
and a mhivniuin when the crests of the bow wave system coincide with the 
troughs of the stern-wave system. ^ * 

Mr 1). W. Taylor, of the United States Navy, has recently made a series 
of experiinentiv concerning the*^ effects upon resistance, in full vessels, of 
varying perc.entagcs of length of parallel middle-body, to determine if there 
was a best length of parallel middle-body in a given case. 

All the models tested had the same midj)hip section coefficient, -96 ; 
ratio of beam to draught, 2-5. Variations wore made .in the prismatic co- 
efficient, and in size and shape Df the curves of sectional area. They were 
derived from a parent form, whose prismatic coefficient is *68. 

Let curve 1, fig. 112, be the curve of sectional areas desired, having a 
length of parallel middle-body I and ends of the same cross sections as 
parent form but more closely spaced. Let curve 2 be the curve of sectional 
areas of the parent form. Both are drawn* to the same maximum ordinate. 
To determine the section of derived uiodel at CD, square F across to E. 
Tlien section B E of parent form is the shape of section F D in derived model 
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Ihree series of models wore tested ; each scries contained twenty, tlicre 
being four sizes, and for each size five curves of sectional area. Tlie 



Fig 113 —Curves of residuary resistance per ton of displacement for foui- dis])lacement- 
len^^th ratios. Each witli delinite per cent, of jiarallel middle-body as indicated all for 
prismatic eoenicient of *74. lllock coefficient '71. ^ ’ 


prismatic coefficients were -68, -74, -and -80. There were varying percentages 
of parallel middle-body from 0 to 60. . 

Resistance being partly due to the surface friction, this was separatel? 
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estimated. Tt was found that practicable variations in the lengtli of parallel 
middle-body in a given case will have hardly any elFect upon the skin 
resistance. 

Concerning the residuary resistance, fig. 113 shows the curves of 
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Fig. 114. — Curves of miuiiniim re?i(iimry resistance and percentages of ]>arallcl middle 
body for series of prismatic coefficient = 74. 


residuary resistance per ton of displacement for the series wh(\sc prismatic 

V 

poefiicient is 74. The abscissa? are values of the speed length ratio — r-, and 

' vL 

the ordinates are values of residuary resistance per ton of displacement. 
The four sizes are indicated by the four values 57 '4, 86*1, 1297, and 172*2 
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of the displacement length ratio 


D_ 

(-Y- 

Vioo/ 


Each set is drawn for percentages 


of parallel middle-body, 0, 12, 21, .‘Id, and 48. 

It is seen that, at the vciy lugh speeds, the resistance increases as the 
percentage of parallel middle-body increases. 

The results, for series of prismatic coetticient ‘74, are summaris^'d in fig. 

114. The results are plotted upon values of and consist of — 

(1) A curve showing the minimum residuary resistance. 

(2) A curve showing the percentage of parallel middle-body corresponding 

to the minimum resistance. 

(3) A curve of residuary resistance 10 per cent, above the minimum. 

(1) Curves f percentages of parallel middle-body, above and below the 
minimum percentage, for which the residuary resistance is 10 per 
cent ■\bo\'e the mini»mim rcsi.stance. These curves vary slightly 
with displacement- length ‘oollicient, and may be taken as indicat- 
ig the boundaries M i: hill whielrtho length of parallel middle-body 
may be varied wil.hout aiiprcciable effect upon the resistance. 

For the ranges of speeds attained in practice by full vessels, the best 
length of jiaikill i >'i Idle-) odj is, for a jirismatic coellicicnt '68, from 12 to 
16 per cent., but may be 25 per cent, without material increase in resistance. 

Por a prismatic coetHcient *74, the best length is from 24 to 27 per cent., 
but niay be 36 to 40 per cent, without material increase in resistanei'. 

For a prismatic coc'tticicnt *80, it is from 32 to 35 per cent., but may be 
44 to 48 pel' cent, without material increase in resistance. 

y 

These (ujiiclusions ajiply to values of above '50. For very low values 


of 


the above limits may be materially exceeded. 


of ox])erin\ents upon the infftteiur of iJie jKJtiition of the nndslilji upon 

resutaucc. The two series of models tried were of th(' ordinary form, and in 
each serii's the length, breadth, draught, displacement, sections and curves 
of sectional area ^ ere kept constant the only variation in th('. form being 
that due to I'xnanding (^’ contracting the forward- and after-body, due to 
placing the midslnp s (cfon at various ])ositions in the length. 

AVhyn the midship siction is at the centre of the length, the curves of 
sectional area in both models arc the same for both forward- ai^d after-bodies. 

The following t ible gives tlu‘ ])articulars of the models : — 
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In each case the midship section was placed in four positions: — 

(1) At the centre of the length. 

(2) At 5 per cent, of the length, aft of the centrci. 

(3) At 10 per cent, of the length, aft of the centre. 

(4) At 10 per cent, of the length, forward of the centre. 

The curves of sectional areas for the two models are shown in fig. 115. 
Tlie curve for 2 is omitted, and that for 4 is simply 3 reversed. 

Idle curves of residuary resistance for model A are shown in fig. 116, 
tlie abscissie repi-esenting the position of tlie midship section with respect 
to the Icngfcli, and the ordinates the residuary resistance for a constant 
V 

value of --hir each curve. 

Vi- 

Similar curves for model B are shown in fig. 117. 

It is seen that, at Ioav values of — — ’7 in A and *5 in B — the position 


of the midship section has little or no influence upon the resistance, but as 



Afi 


m « 

MoJ4iL B 

Fig. 115 


>vurd 


the speed increases there is a certain position for each speed where the 
resistanc.e is a minimum. This position travels aft as the speed increases. 
With tlie midship section 10 per cent, aft, or forward, of the middle of 
the length, the resistance shows a marked increase at the higher values of 

V , ... 

. The “cod’s head and mackerers tail ’ is wrong for high speeds. 

V B 

111 the fuller lorm, B, the effect of ‘the position of tne midship section is 

noticeable at a smaller value of ^ than in the finer form A. 

n/L 

In A, lor values of —1, the resistance is a minimum when the 

maximum section is amidships. ^^At y- — 1*25, it is minimum at 5 per 
cent, abaft amidships. 

In 11, for values of — — - -S, the resistance is a minimuni when the 
• 

maximum section is amidships, and when, ^ =:1-15, it is a minimum when 


this section is 5 per cent, abaft amidslnps. 


JL 
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Interference of the Bow- and Stern-wa,ve Sf/stems . — As stiitcfl Jibovc, tin* 
variations in the wavemaking resistance are due to the iiiterf( 3 rence of the 
bow and stern transverse systems of waves. In order to make clear tlu‘ 
principles involved, the following mechanical explanation, suggested by I>r 
Fronde, is of some value - 

Imagine a pendulum fastened to a ring which travels along a frictionless 



PosxttoTi <f' Michshxjt , Fvrwu./ tl 

m Pro. 116.— Model jV.. 

rod at a uniform speed. Lef the rod be bent transversely in two places 
by S curves, as at A A, B B, tig. 118, the two straight parts at each end 
being in the same straight line, and the middle straight part B parallel 
to them. 

When the ring travels on the part A A, B B, it will be first displaced 
sideways in one direction. This will set* up a lateral swing in the pendulum, 
which will remain unaltered as long as the ring remains on the middle* 
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straif^lit part. Tliis swing represents the transverse wave series left by the 
bow, w])ich shows unaltered all along the parallel side, except so far as it 
diminishes by spreading sideways. 

If the pendulum be artificially stopped swinging before the second curve 
is reached, the replacement on to the part beyond B B will likewise generate 
a swing uhich will remain unaltered throughout this succeeding straight 
pfirt, and will represent the train of independent transverse waves left by the 
stern ill a v(‘ssel with long parallel sides. 



. Fig. 117. — Model B. 

If, lioweVer, the pendulum remains swinging when tlui ring reaches 
the second curve, the behaviour of the pendulum on it, and the magni- 
tude of the resulting swing, will depend entirely upon the point in its 
vibration which it has reached at the moihent of commencing the second 
curve. 

If the curves A A, BB are exactly syiiiinetrical with one another, 
and the length of the middle straight is so chosen that tlie pendulum 
enters the second curve in the attitude and state of motion symmetrical 
to that in which it left the first, then the behaviour of the pendulum 
over the second curve will lie symmet«»*ical to its behaviour on the first, 
and it must therefore leave the fqrmer as it entered the latter, namely. 
, in a state of rest. 
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If AAA in fig. 119 represents the actual path of the pendulum bob in 
reference to tlie rod, B B B what would be the continuation of this path if 
the straight continued, and C C C the path it would ac([uire in passing over 
the second curve if it entered without swing, then the actual resulting path 
will be such that the ordinate to it, at any distance from D i), will equal 
the sum of the ordinates to the paths B B and C C ; the ordinates being 
measured from the middle lines of the vibrations, and reckoned positive in 
one direction and negative in the other. 

When the two components are simultaneous in the same direction, the 
resulting vibration will be at its largest, and will be the sum of the two, the 
energy being proportional to the square of that swing. When the two 
components arc opposite to one another, the resultant will be at its smallest, 
being equal to their difference. 

It has been .nointed out that the height of the waves made, and the 
resistance cau^ca, will be at a maximum or minimum according as the 
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crests of the bow-wave series coincide with the crests or troughs of the 
natural stern-wave series. * The wave sections observed in the wake of 
the models used by Dr Fronde, at the speed corresponding to 13-15 knots 
for the ship (see fig. Ill), »rc shown in fig. 122. They are drawn above one 
nr other, so that the vorical intervals between their base lines arc propor- 
tional to the differences in length of parallel side ; the points in each, 
A,, Bp etc., representing the position of the stern, being vertically over one 
another, so that th 3 points representing the bow, fig. 123, fall naturally 
into a diagonal line. Parallel lines D Gp H Hj, etc., represent the position, 
as measured from the bow, of the successive crests of the bow-wave scries as 
they show against the parallel side in the longer ships. 

In fig. 122 a curve of a residuary resistance is also shown, and it will 
be seen that the maximum resistance and largest waves are about where 
the crest positions of the components coincide j and the minimum resist- 
ance and smallest waves, where the crest of one falls in the trough of the 
other. Fig. 124 shows lines of parent ship and wave profile at 14*43 knots. 

Principal effects of inte7ference* of the Bow and Stern transverse W ave 
Si/stems . — We must at first consider th^ problem of the combination of waves 
of equal lengths, but of different amplitudes. 
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Consider two waves, of same length and different amplitudes, moving in 
the same direction. 

Let /(^o he the heights of the waves, A. the wave length, and S the 
phase difference. 

Let 0 be the orbital centre of the surface particles, fig. 120, and AOB 
the constant difference of phase angle. 

If we draw A C parallel to 0 B, and B C parallel to 0 A, the resultant wave 
is that traced out by 0 C. 

And therefore, if h is the height of the resultant wave, 

42 = cos i/^, 

or, in terms of phase difference S, 



since 


/ Sn 
^=-2:r 


h- = +f2Aj Aj cos 

fi 

To apply this to the bow and stern transverse wave systems, assume 
these waves to be simple wav^s of height and Ag- Their wave-lengths are 
the same, be^ing that due to the speed of the ship. 

Let the height of the bow wave, when it has reached the stern, be kh ^ ; 
k will be a number less than unity. 

Let 8 bo the distance between the primaiy crests of the natural bow and 
stern systems, and let S' be the distance between th'c primary crest of the 
stern system and the next crest of the bow series. Fig. 12L 

Then the resulting scries will have a height h given by 


4 . ^2>kh^h,^ cos • 

« 

Now, S-f-S' is the distance between two of the crests of the bow seriesi, 
. and therefore S - 1 - S' = nX where w is a whole number. 
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and 


8 " = -• 8 

^ 27rS' 27r(7iX - 8) 

cos — = cos — ^ 1 


- cos 


/.) 27 rS\ 


27rS 
= cos . 

X 




27rS 



Fig. 121. 


Let S = >/iL where L is length of ship and ??i is a number very nearly equal 
to unity. 

Let V be the velocity of tliQ ship in feet per second. 


Then 


*</ 


+ 4/ + 2khih.^ cos 


Now the energy of a unit breadth of a wave is proportional to its length 
and to the square of its height ^ee p. 133). The wavemaking resistance 
is due to the amount of energy that ,is drained away from the ship due to 
the creation of these waves. 
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Thus, tlu' energy lost due to the degradation of the how wave as it passes 
aft is proportional to 

and the energy lost in the resultant stern-wave system is proportional to 
F//,- + + 2M,/i„ cos 

V- 

< 

and therefore the tuhd loss of energy is proportional to 
A + U\h., cos 



Consider a' ship run at gradually increasing speeds. L is constant, m is 
practically constant, and and the coefficient k will increase with speed. 

The value of will continually decrease^ Thus the resistance will 

v- 


fluctuate about an ever-increasing mean value, the spacing of the fluctuations 
depending upon successive increments of '^^^^/each equal to ^tt. Thus the 

speeds corresponding to successive humps and hollows are such that their 
squares arc in harmonical progression. 

AVith a given entrance and run, andi at a given speed, /q and are 
constant, but k will decrease as L increases. Thus the resistance will not be 
constant but will fluctuate about a mean value, the amplitudes of the 



WAVEMAKING RESISTANCE OF SHIPS. 


153 


fluctuations decreasing as L increases ; and llio sjjaeings such that successive 
values of dilter by 'lir. Hence the spacing at the same sj)eed is constant, 

and at difFerent speeds it varies as v-. 

Effect of Density of Li<jidd on Ueslstnnce . — The density of the lirpiid in which 
the vessel is floating will affect the energy of the wave, and consequently the 
wavemaking resist.ince. The energy varies directly as the density. # Frictional 
resistance also varies directly as the density. In passing from fresh to salt 



water, or vice any change is, in a large measure, ''oiniteracted by the 

variation in the amount of immersed volume of ship. 

Effect of Form on Ersistance . — In 1870 Mr Win. Fronde published in a 
paper the results of a series of experiments on the comparative resistances 
of models of four ships of Um) same displacement, but of known differences 
of form. The corres^)onding dimensions of «hips varied from a length of 369' 
to 294', beam from 49*4' to 37*2', and draughts from 19*32' to 16*25'; the 
common displacement was 3980 tons. The conclusion arrived at from these 
expe]'iments showed that in general the resistance will be decrea.^ "d if, instead 
of a parallel middle-body, the fore and after bodies are expanded so as to 
obtain a ship of the same displacement as that with parallel middle-body, 
although the ratio of 13 to L be sSmewhat increased. The results are shown 
in fig. 1 25, and arc deserving of careftil study, as showing the effect of form 
on resistance for varying speeds. 
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Another cause of the variation in the resistance is that of irretfular move- 
nunt. All bodies moving in a frictional fluid have a certain amount of 
water moved with them. There is also a mass of water in motion relatively 
to the vessel, some inoving ahead and some astern. This must be taken into 
consideration in any rapid changes of velocity involving acceleration or the 
opposite, as it practically takes part in the motion of the vessel. This amount 
is geiKiraUv from 15 pci’ cent, to 20 per cent, of the displacement. 

The resistance of a ship in a seaimy is considerably greater than the 
resistance in smooth water for the same speed, the chief causes tending to 
produce this result being as follows: — 

(i) The wave disturbance of the water produces in the regular stream- 
line motion a confusion and disturbance, thus entailing an increased 
amount of energy required to sustain the wave system above that 
necessary in smooth water at the same speed. ^ 

(ii) Pitching and rolling, especially the former, place the ship in positions 

which, relatively to the propidsion, arc most unfavourable, thus 
causing an inci’ease in the mean resistance. 

(iii) The waves and the aoti(xi of pitching and rolling tend to make 

irregularities of speed, and so increase the resistance on account of 
the energy lost in overcoming the inertia of the body. 

(iv) The frictional resistance is increased as larger veluincs (^f water have 

to be set in motion. 

It is, of course, impossible to estimate the exact ellect of these irregular 
modifications, but they may be counteracted to a certain extent by increase 
of length and good freeboard, large size, and the resultant large weight. 

Mr K. E. Fronde contributed to the institution of Naval Architects in 
1905 the results of a series of tank experiments made upon the resistance of 
models in artificially created waves, to determine the eftect upon the resist- 
ance due to the pitching cai¥ied by the waves. The sea condition of the ship, 
which is thus represented by the model, is that of steaming against a regular 
head sea. The models were fully decked in, and in some cases were fitted 
with a forecastle. They were ballasted to float at the desired trim, and so 
that the longitudinal moment of inertia about the C.G. should be proportional 
to that of the ’ship. The period of pitching wa^ thus proportioned to the 
period of the wave in the same ratio as in full-sized ships and waves. The 
results of augment of resistance were fflotted for a given speed, and longi- 
tudinal radius of gyration to a base o^ wave perM. Tlic resistance has a 
very marked maximum. A difference in wave period of 15 per cent, either 
way reduces the Increase of resistance over that in still water by 50 per cent. 
The period of 'the wave corresponding to greatest resistance exceeded that of 
the pitching period of the ship. The largest series of waves used caused a 
pitching of from out to out, and increased the resistance by over 
100 per cent, above that for smooth water, lender these conditions water is 
shipped forward with nearly ovtfery wave. KesistanceS with varying longi- 
tudinal moments of inertia were measured, with Jhe result that the maximum 
resistance and pitching angle increased with the radius of gyration. Difter- 
ences in resistance against waves due to small variation in forms were 
obtained, but they are much less than the diflerences due to variation in 
^ d^gitudinal radius of gyration. The effect of straightening the lines of a 
hollow lined form was to increase smooth water resistance but to make the 
difference between smooth and wave \^ater resistance greater in the hollow 
than the straight lined ship. 



CHAPTER XL 


DETERMINATION OF THE RESISTANCE OF SHIPS 
FROM MODEL EXPERIMENTS. 


ExPEJii.MKr^Ty on resistance luive bc(ui made in a lew cases on the actual vessels, 
but generally such f'vperiiucias have been limited to models not exceeding 
20 1 ‘ect in length, lu trying a vi 'scl of a sliip in order to determine its resist- 
ance, we nave ah'cady seuj thai there must be some speed for the model which 
will correspond to the speed of ^hc sliip, and the law used is that of “ correspond- 
ing speeds.’’ In comparinc; ^hailar shipn with one another^ or sldps with models^ 
the speeds proportional to the s(pMre roots of their linear dimensions. 

Take as an example a ship of 500 feet which we wish to drive at 23 knots, 
and for which we have made a model 12 feet long. Then the ratio of the 
linear dimensions is 


500 

12 


-41*66; 


then the s])eed for the model corresponding to 23 knots foi* the ship is 

‘>3 

, ~L_ =3*56 knots. 
n/41*G6 

We have now obtained the speed at which the model has to be run. To 
determine the resistance of the ship from the resistance of the model we must — 

(1) Determine the tottil resistance of the model. 

(2) Calculate the frictional resis^mce of the model. 

(3) Deduct tiie frictfonal from the total, and obtain thereby the wave- 

making resistaip'v of the ifiodel at the “corresponding speed.” 

By means of Froude’s law of comparison we can "determine the wave- 
making resistance of the ship. The law is as follows: If the linear dimen- 
sions of a vessel be I times the dimensions of the model, and the resistances of 
the latter at the speeds Vj, V^, V^, etc., are llj, lijj) H 3 , etc., then at the 
“corresponding speeds” of tiie ship Vj Jl, etc., the resistance 

of the ship will bo R^^^ etc. • 

The total resistance of tjie vessel can now be found by— 

(1) Calculating the fi’ictional resistances of the ship at the various speeds. 

(2) Calculating the wavemaking resistance of the ship from that of the 

model at the varioiis speeds. 

(3) Adding the results of (1) and (2) together for the respective speeds. 

The results may now be set off inf a curve to a base of speed. The curve 
is usually called a “ curve of resistance.” 
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It will 1)0 seen fi om the foregoing tliaiin order to determine the resistance 
of a ship of known form, it is necessary to determine the resistance of a model 



of the ship on a convenient scale. From this may be deduced the wave- 
making resistance (?’,„) for the model by deducting the value of the frictional 
resistance (r,). Then applying the law of comparison we may obtain the 



DETERMINATION OF THE RESISTANCE OF SHIPS. 


157 


value at the corresponding speed for the ship, then add to it tlie calculated 
value of R/, and so obtain the total resistance at the chosen speed. The 
determination of model resistance is therefore the foundation of accurate 
determination of ship resistance, "^rhis work is done in what is known as an 
experimental tank, but it \vould be better named a resistance tank. The 
following is a description of one of the most recently constructed of these tanks, 
namely, that at tlio shipyard of Messrs »lohn Brown A" (bmpany of^Cdydebank. 


Rehisttvnoe Curves “Meukara,” etc. 



Fic. 125. ^ 


It should be noted that all experimental tanks are not only used for the 
purposes of determining the^-esistance of the model, but for the study of the 
problems of propidsion by screws and paddles, both alone and in conjunction 
with the ship models. This latter use of the experimental tank will be 
treated fully under the flead of Propulsion. The followini!: description 
includes that for the whole apparatus, part of which is used for Mie subject of 
propulsion.* 

The experimental tank at Clydebank is very similar to the Haslar tank 
except in details in which expcfience has shown that the latter could be 
improved. The length of the actual tank is 400 feet, although the water 
extends to a distance of 445 feet to allow of docking facilities for the models. 


Reststance- iit fA* 




J:0rcfn,ip. 
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The depth of tlic tank varies iinifonnly from J) feet to 10 f('('l, th(‘ s1o]k‘ being 
given for the purpose of draining and cleaning tin; tank. Tliero is a uniform 
breadth of 20 feet of water, and at the one end there are wet and dry docks, 
the wet docks being used for the storage of models, and also for the purposes 
of ballasting picvious to a trial run The dry dock is so placed that the 
towing tj'uck can be run over it, and so allow of an examination of the gears 
for the dyi|amoni(?t('r and ]jro])ellers. At the other end of the tank there is a 
sloping concrete beach, wliich helps to break up the waves (‘ansed by the 



travelling of the model througli the water, a recess being left up the middle 
to prevent damage to models or screws. The* cross section of the tank is 
rectangular, and tlie basin is mad« of concrete, backed Vith puddled clay, as 
shown in fig. 127. The building is of brick and contains, besides the tank 
proper, a large drawing-office, tracers’ room, and 'superintendent’s oftii-e, with 
tlie necessary safes, etc. In connection with the tank there is a staff of 
model-makers, who assist by making cores for the castings of the paraffin-wax 
models, and who, after the model leaves the shaping machine, lielp to fair up 
its form. In order to keep the temperature of the tank constant, a com])lete 
system of iiut-watei' piping is installed, which is under perfect control. 

The models used are generally about 15 feet long, except in the case of 
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higli-ypeed torpedo ]K)at8, wlicii thu leugtli is about 1 1 IVct. During the 
trials, the models are run at speeds corresponding to greater and l('ss than 
the trial speed, and at several displacements. 

When the wax casting of the model is sufficicntl v hai'd it is lovcdled up on 
the top and taken to the shaping machine, where it is pl.ieed on a wheel 
carriage. It is secured at the middle line, keel upwards. In front of this 
carriage there is a talde on which the half-breadth plan c^f the ^hiJ[^ is fixed. 



There are two cutters, which g)tate at about 2500 revolutions per minute. 
These cutters are adj instable about the centre; line of the carriage, and also in 
a vertical direction. The cutters are driven through belt and rope gearing 
by a 2| B.H.P. electric luOtor. The cutter is traversed backwards and 
forwards and in and out. A 3-inch copper pipe runs underneath the carriage 
for its whole length. Through this tube runs a piano wire, and attached to 
this wire are two leather hydraulic pistons. The wore is led through 
packing glands at each end of thift cylinder, and is carried over horizontal 
guide wdieels fixed at each end of the# carriage. The ends of the wire are 
ultimately fixed on the carriage centre. From a valve box, with which are in 
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connection a rotary paddle pump and reservoir, connections arc made to each 
end of the cylinder. The cylinder, pump, and connections are filled with 
paraffin oil, and the pump forces this oil at a pressure of about 15 lbs. per 
S([uare inch into either end of the cylinder, thus causing the carriage, through 
the wire, to move. By suitably working the valves in the valve box the 
carriage, and consc(|uontly- the model, can be run in either direction. The 
travel of tlu' carriage is uniform, and there is no backlash to take up. Water- 
lines are cut from midships to the ends in order to prevent hollows being cut 
into the model. Should it happen that the cutters are run into the w^ax 
to such an extent as to offer a resistance greater than the oil pressure could 
overcome, the carriage will stop, and so prevent the cutter spindles from being 
overstraiiicd^ The table with the half-breadth plan is in gear with this 
carriage, and by using suitable change wheels any degree of relative motion 
can be got, Om; hand-wheel controls the up-and-down motion of the cutters, 
and a similar wheel controls the in-and-out motion. Thils second wheel 
imparts, through a pantograph (to the tracing point at the drawing), a similar 
motion to the cutters. It is possible b}^ adjusting the fulcrum of the panto- 
graph to cut models from one sef of lines to any proportions of length, 
breadth, and draught. On coming out of the shaping machine the model is 
not smooth, but the surface has the appearance of a series of ridges one 
behind the other. The model-makers now take it in luv^d and finish it off' to 
the waterlines cut on. It is then accurately weighed and launched. When 
a test is to be made with a model, it is correctly loaded to the designed 
draught and trim. The models when not in use arc kept submerged, to 
prevent alteration in shaj>e from taking place. The dynamometers and 
screw trucks are shown in fig. 128. The structure is of Wood boxing, giving a 
maximum stiffness for weight. This is the only electrically-driven tank truck 
in this country so far, all the others being rope-driv('n. The current is 
supplied from the power s^tation, but, owing to the constant change in the 
voltage, the current is first passed through a motor generator into ac- 
cumulators, fi'om which it is again discharged through the generator at a 
suitable and regular voltage. Due to this arrangement, and to the particulai* 
w’ay in which the trolley wiring is carried out, it is possible to maintain 
uniformity of -speed on a run down the tank. Two 6 Jkll.P. motors drive 
the truck, and also, through counter-shafts and 5ord-leads, (1) the resistance 
recording drums, (2) trim cylinders (vi the main truck (for nu-asuring the 
change of trim of the model), (3) the scixnv propeUers, and (4) the recording 
drum on the screw truck. Automatic*cut-offs and brakes prevent the truck 
miming too far either w^ay. The recording drums and trim cylinders are so 
geared as to make one revolutmu in the length of the tank, no matter at what 
speed the carriage may be travelling. Hy using differently proportioned sets 
of pulleys it is possible to give the propellers almost any desired number of 
revolutions in conjunction with a particular speed of model. The method of 
measuring resistance is the sam.o as that used by T)r «l'^roude, Viz. to record 
graphically the extension of an accurately made spiral spring. The magni- 
fication used in this instance is tw’clve, and eacli spring is standardised before 
using. A diagrammatic representation of the apparatus for recording 
resistance is shown in fig. 129. The drag of the model pulls hoi'izontally at B 
and produces at D a parallel, equal, and opposite motion to tliat at B. This 
motion extends the spring S to such an eltent as to produce eijuilibi'ium. F 
is moved proportionately to its distaiTce from the fulcrum (A), and this motion 
produces a magnified and opposite movement of G. The bearings at B, C, 
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and i) are all at the same distance from A. I'hcsc; lu'arings arc all knife 
edges, and a weight w hung on at C will produce tlie same extension of tin 
pen rod along the drum as if there were a horizontal pull ol’ value w at B. Ii 
is thus possible hy hanging known weights on at C to get a scale for evaluating 
the resistance diagrams. 



typical ftCSiSTANCe OIAGPAM 

PORT LOG 

'~^tar7oaTd log 


DISTANCE.- 2S FEET INTERVALS 

^nrv-u i.rwvxn.r\n/"Lr 

TIME - HALF SECONDS 


u nr-unr ltu-u- j-it 


SrpOPHOMETEft 



Km. 129. 


On the resistance drum the following are recorded: (1) resistance in l])s. ; 
(2) the distance traversed, in multiples of 2o feet, there heinu' s^mall electric 
contact-makers alongside the rail 25 f(‘et apart; (5) tina* in I.alf-scconds ; 
(4) measure of the current in the water (this is measured hy moans of two 
log screws running in advance of thci^ model) ; (5) a gra])hic record of the 
speed, to show any want of uniformity of motion. Thus foi- a c(;rtain model 
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at known dranghts and displacoments the resistance in lbs. and speeds in 


DIAGRAMAT/C REPRESENTATION OF 
APPARATUS FOR RECORDING BELT AND THRUST 



A IS A ruLCHUN! ABOUT WHICH B CaD MOyt 

^ . RFgG , 

f< H.UM . 

M . . TENSION WEIGHT 
/V/- . DRIVING WHEEL COMMUNICATING 
\ ROTATION TO THE WHEELS WaV CORO DRIVE 
O&S ARE SPIRAL SPRINGS 
R RAISING 4 LOWERING SCREWS 4 IN NUMBER 
Z PIECES OP WATCH SPRING STEEL 
A C'/IDE PULLEYS • 


TYPICAL SCREW TRUCK DIAGRAM 

jT-TLA-ruu! riRnjLnru/jiJumnjTJT^^ 

TIME - HALF SECONDS 




distance.— 2S FEET INTERVALS 


REVOLUTIONS.- PORT PROPELLER 


REVOLUTIONS. -STARBOARD PROPELLER 



feet per itniiiite are obtained. It is atso possible to note the trim of the 
model under the various conditions of loading. On the screw truck, time, 



164 


THE DESIGN AND CONSTRUCTION OF SHIPS. 


distance, and revolutions arc recorded on onedrnni, while thrust and belt pull 
or turning' nionn'iit are recorded automatically, these latter being measured 
by spiral springs, as in resistance. The above diagraiii (fig. b‘U)) gives a 
rough idea of this arrangement. 

The wlieel N is driven off the main driving-wheels of the carriage, jind by 
using a})pr()[)riate gearing any chosen number of revolutions can be given to 
N. This wheel is always driven in the direction shown, whether right- or 
left-lianded screws arc used, so that the spring O may always be in tension 
and not comi)ressi()n. Now if T be the tension in the cord on the driving 
side and i that in the slack side, then the effective driving fore.o is T - 
which a.(;ts on the rims of wheels W. The downward })ull on V is l^T, which 
causes an elongation in the spring O, which extension is recoi’ded b}^ the 
movement of the pen rod (!. I'he slack portion of tlu! cord passes over the 
pulley H, which is consequently pulled down with a force 2/, the value of 
this force being determined by tlic weight M on the lever II Ij. 



Fig. 131. 


Idle gurnard fi’ame which carries the })ro])ellers is sw ung from the main 
frame by steel spring suspensions, thus allowing tlie propellers, as they exert 
a tliriist, to carry fojward the gurnard frame, whose motion, through a bell 
crank lever pivoted at vV, is recorded on the drum hy th(‘ pen rod D. Thrust 
and belt wdlh 1h(‘ propellers off are iTaairded under the same conditions as 
held with the propellers on, and so the nett value of these due to the presence 
of the ])ropollcrs is obtained, ft is thus possible by using the screw truck 
alone, the main tnudv alone, or the tw'o in comfiination, to get propeller 
oHicicncics, thrusts, w^ake factors, thrust d(;duction, hull efficiency, and 
resistance for any model, in conjunction wd1<h any chosen screw or screws. 
The results of all moflel expenments are first plotted in terms of lbs. of 
resistaiici' on a base of speed in feet })er minute. Afterw'ards the results are 
reduced to the “constant” system of Mr Fronde, which is described later. 
This system is a method of standardising results. A standard length of form 
is used, and values of (C) (resistance) in terms of K (speed) are plotted. Iso 
(K) curves are also made. Curves showdng E.H.l*. (effective horse-power) 
ill terms of speed in knots are also plotted. 

The propellers used are of a wdiitc metal, aiul are made and finish(‘d by 
the staff’ of the tank. 
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The tank experiments give on the recording machine a record of the total 
resistance, and not of the wavemaking resistance alone ; it is, however, quite 
a simple matter to se]>arate the resistance into frictional and residuary 
resistances. 

In the al)ove fig. Idl A A represents the curve of total resistance for 
model, as obtained from the tank experiments. We liave now to (;alculate 
the resistance due to tlie skin friction of the model by the formula 
where 11^ is the frii;tional resistance in Ihs., f is a (joefticient ohtliined by 
kVoude for planes of ])araflin wax of a length the same as the model, S is the 
wetted surface, and V is the sped; n is the power of the speed, and is 
obtained from tli(5 experiments on planes, p. 117. From the base set up, the 
values so obtained at the difFerent speeds of the model and through the 
])oints draw the curve CM'. The*, ditference of the ordinates of the curves 
A A and (M^ gives the; residuary resistance for the model, or, to the proper 
scale, that of ti.e ship. Now, knowing the length of the ship and the wetted 



I ' // 
1^// 


Km. 13-J. 

surface, we can choose a co'ldlicient value of /’and a value of n jn the formula 
ll^^/’SV'‘ Thosv will givtt us the fri^*tional resistance of the ship at various 
s])eeds. Set down the values from the curve C C and we shall get the curve 
B B ; the ditrerence of the ordinates •between the curves A A and B B will 
give the total resistance of the ship at various speeds. Now the model has 
been tried in fresh, water ; and as the resistan<fe in various liquids vaiy as the 
densities of the ll(]uid^., it will be necessary to multiply the resistances so 
obtained l)y (in this case) 1 O^Ci, which is the ratio between tlie density ol 
fresh and sail water. This giv^s the resistance of the ship under the ordinary 
salt-water (;onditions» full results of,investigation made by Dr 11. F. 

Fronde iqion the resistance due to forms having block coetheients of '5 to '6 
have been published in the i^ransaeftona of the InsfUuhon of jVoval Architects 
for 1904. Professor Sadler, of Michigan University, D.S A., has recently 
published in*the Transactions of the American Socictif of Xaval Architects for 
1907 and 1908 the results of experiments on models having block coetheients 
of about ’7 to *85, • 

Proof of Fronde's Law of Comparison, — Consider a stream-line motion in 
a perfect fluid. No rotation can be imparted to any element of the fluid. 
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since >iii intorfjicc can only have prc^i^iirc across it, and no tangential stress 
along i1. Tli(‘r(‘f«»re any rotation which an element seemingly possesses due 
to its motion in a curved path, must be equal and opposite to the rotation 
due to the difference in velocity of the stream lines. 

Thus, for an irrotational motion we have 

"+''”=0 ( 1 ) 

, p "T 

See lig. loLh 

Where r is tiie thickness of the path across whicli fhe dilfei’encc of velocity 
is fi is the radius of curvature of the path. 

- is the angular velocity supposing the water solid. 

P 

— is the necc'ssary opposite rotation for irrotationality. , 

r 

j\ Iso for continuity, ct — constant .... (2) 

vdr + rd v = 0 , 

■ 7 dv 

or dT= -T— 

V 

= ’^%'r(nn (1). ' 
l> 

'rijis shows the increase of thickiic.ss of the stream tubes as we pass fi’oni 
one to Miiotlier. Ifonco, given two stream lines, we can got a third, and so 
on. In motion round a solid, tlie boundaries must be streaiii lines if the 
motion is steady. If a body be totally submerged and moving through a 
perfect fluid, witli true stream-line motion, the excess of pressure on its 
forward })art is exactly balanced by the defect on its after ]>art, and hence 
tlie body experionccs no resf.stance to motion. I’his is on the assumption of 
an infinit(‘ fluid, stretching away in all directions from the body. When, 
liow('ver, as in the case of a ship, the body is not wholl}'^ submerged, the 
modifications of the pressures caused by the discontinuity of the fluid, i.t. by 
the surfacie of the lluid xvhich is a boundary, cause a resistance to motion. 
Waves are created, which are due to the dillbrences of hydrodynamical 
pressure inherent in the system of stream lines which the passagi' of the shiji 
creates. ^ 

2 

We have seen that betwanm successive stream lines the etpiation dT = ~ 

• . . . . f 

holds. Now^ r and p arc linear quantities, and therefore their alisolute 
dimensions depend upon the scale. 

Thus, for one ship form a stream-line form can be derived, and from this 
form the next, and so on, until a complete sysbpu is obtained vvliieh wdll be, in 
actual dimensions, dependent upon the sealc, and one drawing will represent 
many forms of varying scales. Hence the stream-line motion round one 
ship's form w ill be exactly the same as for the .4amo ship’s form on .‘uiolhcr 
scale. There must be a variation of vtdooity betwuion the diflcrent dimen- 
sions at the corresponding points in the form, hut we nei'd not* attoiiipt to 
evaluate the exact velocities. Wc only need to find the relationshi]) between 
them. * 

Suppose A and P>, fig. 13^3, are stream lines for the same form, but on 
difrereiit scales. Let dimensions of A be vi times those of J3. 
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Let syinbolw with snllix A refer to tube A. 

1) L ,, IL 

Then, by Bernoulli's (filiation, taking the (latum line at still water level, 
whore px and pi^ are the super-atinosplierie pressure's, 


"'a 


-- -I h *B ~ 'Oi 

2<J 


Now 

and — 


Hence 





Fro. 1S3. 


Jf 

then = 

The resistance is the total net resolved values of p^ in a fore and aft 
direction, over the whole surface of ship. 

Let dk and d\^ represent elements of area of surface of forms A and B. 

Let 6 be the inclinatior|of the normal to the element with the middle line 
of waterplaiie. ^ 

Then Besistance of A [ cos d all over A 

Kosistance of B J JpudB coa 0 all over j> 

W|5 

_ cubic displacement of A x tf>x 
cubic displacement of B x iCj, 

where and are the weights jjer cubic unit of the fluids in which 
A and B respectively are moving • 

_ displace raentof A in tons 
displacement of B in tons’ 

t.e. at speeds and Vj^ where 7'x^ = 
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\\ c N(H‘ fi'oin Iho that i hr \\ .ivcMiiaking; rosi.^lnjn’' ni -'ijiilai' ^ ips 

at velocities relateil will vary a the (lisplaceiiienl Thi is kro !es 

law of coiiiparisoii. 

Sup})ose [{„ = /I 

ill which 1) is the displaceiiieiit, V the velocity, and / a. coellicieiit which is 
constant for the same form. 

For Tv smaller ship of same form, 

r, - 

and therefore - Y ^ 

, vv Vi// Ve 

From the law of comparison, if V and e he corrcsjionding sjieeds, 



And therefore, if the ships move in water of the ' me density. 



therefore 

h 

Thus, il tlic wavemakii'g r(‘sistance can Ix' e\piess(‘d in such a manner, 
the above relationship must hold hetiieen a and fj. 

'idle following table <^‘ives the law for various values of a and /i. For 
any value of /j deduced from a curve of resistance of a j^iven vessel, then 
the value of a which must satisfy the above expiation is shown in the same 
column. 


1 ^ 

1 


ii ’ * 1. 

T. ■ 


I 

1 0 

i , 

i ^ 

1 

0 

1 

2 3 

\ 

! 4 

5 ■ 6 ! 

K.. 

! 

/L) 

^-D'V 



i /'V*' 

-- 


- 



i _ J 


Hence, if the resistance for a given ship varies as the Gth power of speed, 
at a given speed, the distilacemcnt may be iricrtascd or decreased indefinitely 
by proportional erdargement or reduction without change of wavemaking 
resistance, at that speed. • 

The resistance due to eddy motion is found to vary as the square of the 
Amlocity and also as the cross-sectional *arca, and therefore follows a law 
R=DA“; that is, it follows the law of comparison. It may therefore hse 
in(lJ*^iided in the wavemaking resistance. 
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The wKin resistance* follows the law 

K,=ySV'“, 

niicl cannot, therefore, bo included in the law of comparison. 

Effect of Ei:,e on Economical rropuhion . — Let \)^ be the displacements 

of similarly shaped ships, R, the wavemaking resistance of L)j at speed Vj. 
Then the wavemaking resistance of Dg is, by Fronde’s law, 

ll,= at speed = Vg. 

If we assume, in tL ighbourliood of Vj and V^, that R^ varies as V’*, the 
residuary resistance of the first at peed is 



so tliat the ratio of *he resistance of the second to that of the first 

j) \i-” 

at s]ieed \ ._> is . ~-j ^ ' j 

and therefore tlie latio o. the resistance ])er ton of displacement, of the 
second to tlie ti. 



I'hns, if I)o;>l)^and n is positi\e, the resistance per ton of displacem(*nt is 
smalli'r in the larger shi[). At corresponding speeds the resistance varies as 
the displaceiiK'nt, and therefore the resistance pi*!* ton of displaci'ini'iit is the 
same in each. 

Stnfacr of Restt^fance. — We have seen that the wavemnking resistance of 
a shi[) is a function of the dis])lacemcnt and sj)?‘ed. ifence with these three 
variables we may form a surface. If we have a curve of resistances of a known 
form at diflerent spei'ds, we (5an deduce the resistance of any si/od vessel of 
similar form at any desired speed. 

Thus wo may draw a series of resistance curves foi* the same form at 
difieroTit displacements. .We can thus obtain a “surface of 'resistance 'such 
that the coordinates of any point on that surface represent tlie displacement, 
speed, and resistance al^ tliat spee!! and displacement. Such a surface is 
shown in fig. « 

Tf we consider the plane XO Y we see that, at corresponding speeds^ the 
speed varies as (I'isplacement)*’. If therefor^* we draw cm ves like A B C 1) and 
A E F in the plane X <_) Y, so that, for these curves, varies as x where x 
and 2 / arc measured from the point of zero displacement parallel to 0 X and 
0 Y respectively, these curves pass through points of corresponding speeds, and 
the resistance at ai^y point is proportional to the displacement corresponding 
to that iioint. The standard curve is sliown drawn in the plane X O Z. 
Knowing the displa«.oincnt,*57'4 ions, corresponding to this curve, we can find 
the resistance at all points of corresponding speed. Thus if we make 0 (1 
equal to the resistance of the standafd form at 13 knots and juin A (1, then,^ 
to find the resistance of a vessel of 40 tons at the speed represented by point 
H, we draw L M and H K paraUel to O Z, wdicre M is a point on the line 
A (i, and make H K = L M. Then K is a point on the resistance surface. 
Thus we get curves shown by the full line AKP corresponding to 13 
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knots for the sUnidard form and AQK which coiTcsj)onds to 7 knots for 
the standard. These^ curves therefore i)roject into slrai^dit lines A (j and 
A S in the plane \ ()/. Intermediate spots, corresponding^ to any particular 
displacement, can be obtained from the law of corresponding speeds, and thus 
Z 



the whole series of curves shown can be drawn* in. If we now draw any 
line HT parallel to Y 0 and where it intersects the base line (‘f each 
•resistance curve we draw lines, as showli, parallel to 0/ to m(‘et’the curves, 
we can draw a curve J V AY showing the resistance of vessels of the same 
form but varying displacement, at a constant speed. In this case it is 9 knots. 
AYc notice in this case that it is easier to drive a ship of this form of 100 
tons displacement at 9 knots, than one of 40 tons at the same sj)eed. 
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hiiitead of plottinj^ tli(‘ msistaiicc curvos on a base of displaeeitu-iiU, we 
can [)lot tliein, as in fijj:. on a base of Icnj^tlis. 

In this case tlic curves A H 1) and AK in plane X () Y, at col■re^|)ondin^• 
speeds, will bo of the form // varies as .r-. Also, the resistances at corre- 
sponding^ s]H‘cds arc ])roportional to the cube of the len^dh, and therefore the 
projection of the cur\es A K 1’ and AQ it in the plane Y OZ are curves of the 
form : vai'ies as 

(hirve ,1 V W shows a resistance curve, for various lengths of vessels, at a 
constant speed of 10 knots. Jt is seen that, at this speed, the value of K,, for 
a vessel of this form 130 f(;et long is less than for one 100 feet long, and 
therefore of less displacement. 

Th(‘ standard curve in these figures is taken from fig. 113. p. 143, and 
I) 

corresponds to /_L Y3 = h7‘4, with a parallel middle-body of IS per cent. 
VlOO/ 

log. 1 :2() show s curves of ohectivc horse-powau’ and displacement for the 
vessels A, !>, (', and D, wdiose resistance curves are given in fig. i^b. These 
curves h /e been calculated fm speeds 12, *14, 10, and IS knots, Troude’s hnv 
having been applied. 'Jdiesc are ecpii valent to the section .1 V W of fig. 134. 

77fc Obr/z/tow/c/ ” These were th(' first and most important 

cxperinK'iits mad^ in kliis country on a full-sized shij), and wore carried out 
by Mr \\ . Fronde. The ])rimary object of the ex])eriments w’as to verify the 
law of comparison. 

In order to C)btain definite results, the “Greyhound” w'as towed by 
another ship called the “Active,” and the sp(‘ed, force ('X(Tt('d, and time were 
a 1 1 tom j \ ti cal ly measurcM I . 

The arrangcmcMits of lowing, m order to avoid the wake eilcct of the 
towing ship, are shown in fig. I3f). No trouble was ('xpcrienced in kei^ping 
the “Active” on a straight coui’se. • 

Jleasurniunf of - Tin* s[)eed w.is registeri'd by paying out a con- 

tinuous length of twine attached to a log-ship consisting of a board 2J foot 
sipiare, and ballasted to sink 4 feet, and to set itself sipiare to the motion. 
The twdne was saturated with tallow, which improvi'd its laioyancy and 
prevented contraction whim wa*t. As the twine I'an out it cansi'd a drum to 
rotate. Time was marked upon this drum at ecpial intervals by iiu'ans of a 
clock. 3’o keep the log-j-^iip clear fd the wake, the line was run out ov(t 
a 20-foot spar. 44ie tensk'ii in the^twine was kept constant, and caused a 
■onstant slip of about*r-3 knot. 

A check on the log w'as given by the “Active’s” sr”ew, tlie number of 
revolutions vt‘ry correctly indicating the spce(5. 

IJeaaun’emeiit «f' Toivimj Force . — This was measured b}" means of a, 
dynamometer, in wdiich the full force was brought on a piston of 14 inches 
diauK’ter, and the magnitude* of the jiressure measured by means i^f the 
deflection of a spriTig attached ro a ])iston of IJ-inch diameter. This 
deflection was r('])roduced rf>n an enlarged scale on the recording drum 
]U'f3viously mentioned, tlui recording a])paratus being similar to that used in 
the ])lank e;^ ju'rimeiits, and <lescribecj at fig. 87. The force to be measured 
was till' horizontal comjioneiit of the tension in the tow'-ro])e. This wars 
oH'ected by attaching the rojie to truck resting on a small length of raiUvay 
on the “Greyhound’s” d{‘ck, the after-end of the truck being linked to 
the dymamometer. 




Fig. 135. 
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Wiiul Effect . — The resislanco of llu* atmosphere had to In* eliminattid. 
The Y<‘loeity and direidion of the wind were determined hy means of wind 
gauges. Tlie tow-rope strain N\as measur(‘d wh(;n tlie shi]) mov(‘d with and 
against the wind with the same velocity, and also when the velocity of the 
wind varied. 

Acrelemfian or Jichmlfitioh Effect. -When the ship is heiiii:- towc'd, the 



total register('d strain on the ro})e is resistance of the water + or - the force 
necessary to acccli'rate oi' retard the mass of the shi[) and the water surround- 
ing her. 

If the s*pced is uniform, the seetind term on the right-hand side is zero. » 
Any variation of speed would he at onc(‘ shown on the automatic record, and 
from that record the accelei-ation* or retardation can be calculated. If the 
velocity of the ship inerejisc, so also, on account of the stream-line action, does 
the velocity of every part of the system, and the force thus necessary must be 
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derived from the ship. Tiie virtiitil mass of the ship is, in other ^vords, 
greater than its actual mass. 

The virtual mass was ex])erimenuillj <letermined i»v sli})])iiig the tow-rope 
when the ship was going at a high rate of speed, and observing from tin* auto- 
matic record the rate at which the speed of the ship was dcstroyi'd by her 
resistanc.e. ]*'rom tliis record a curve of travel-time was obtained, and, by 
graphic difterentiation, a curve of speed-time was deduced. A further 
grapliic d'.tferentiation gave a curve of retardation-time. 

A' any sjieed let the water resistance be li (previously observed), and let 

be th(' observed retardation at that speed. L(‘t VK be tlie mass of the 
shi[) and ///,„ th(‘ mass of tlie accompanying water, so Ihiit the virtual mass 
is 7//-,, + 

Then = lb 

Thus in,, is deduced. 

Acceleration ex])erimcnts were also carried out, but were not very suc- 
cessful, owing to the alternate slackening and tightening of tin* rope. 

]M)r value of ]\lr Fronde gave 0-2 for deep draughts and Odb for 
ligliter draughts. 

A\nn/fs of Trial Tlie sliip was tested under dPuerevt draughts, and 
under different trims for each draught. Tlie particulars were 


Draught . 

SiU'liKic in scpiarc left 
Disphieemeiit in ton.s 

Length . 

Beam 

Trim 


• I 


13' 9" 13' 0" VI' \" 

7;>40 72r.O 1)940 
1160 lOhO 93S 


1711 ' 6 " 
33' 2" 


Varied from 1' 6" by the head tii 4' G" by 
tlie stern 


I 


Tlie speeds varied from to 12^ knots. The normal displacement was 
1160 tons, and the normal draught 13' 6" forward and 14' 0" aft. The ship 
was tried in this condition with and without lufge keels. The change of 
trim for each dis[)lacement did not alter *the wetted\surface. 

Eferf of Sj>ml on lies! stance . — Up to (I knots 11 vaiios as V-. Above 
6 knots it inen'ases at a greater rate. Tiie tow-rop. strain at different 
speeds was — 


Speed 111 feet ])er minute 


To\v-ro}>e slrain in jiouihIs 


400 I 500 ' 720 ! 880 | 1,040 1,200 


LCOl 


1,940,3,420 5,000 ! to, 100 17,400 


1,230 
23,300 j 


Effect of Alt f rati OIL ‘m Trim . — Tliis did not allect the j'lisistanee to any 
great exttmt. From S to 10 knots tlierowais no a])precial)l(‘ dillcTcnee iimhu- 
extreme trims. Uenerally, as the ship is down by tin* bead, the resistance is 
iticn'ased at the higher and diminished a% the lower sjieeds. ^Villl bilge 
keels, the advantage of the ship at liigh speeds when trimmed greatly hy tlie 
stern was not maintained. 
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Efect of Draught . — The rcsistiince was less at light than at normal 
draught. Increased displacement did not cause the total resistance to 


ScctLe. uv PouiLils 



Fig.- 137. 


increase at anything like the samo»rate for the same speed. This indicates 
the economy of deep-draught vessels. 

Biltfe AVe/if.- -The extra resistance, when these were iitted, was less than 
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tliai caused by llie skin friction alone. This would indicate that the surface 
changed slightly for the better. l*ossihly some of the bilge k(;el was in the 
frictional wake, wIku'c its resistance would be less than that of the average 
surface of tlu^ shi]). 

TeM of L<vv (f Co'tnjutriiion. — The curves for the “ (Irey hound ” are shown in 
fig. K^7. 'Phe curve A A represents the total resistance of the model, curve 
II l> represents the wavemaking resistance of the model. On a diflerent 
scale, 1) IV will represent the wavemaking resistance of ship, and C V the 
total resisttinc.e of the. ship. The curve 1)1) represents t lie actual curve of 
resistance obtained from the towing experiments. I’he coellicient of friction 
of the “Oreyhound ’’ was assumed to be that of a varnished surface, which was 
less than it ,‘ic.t iinlly was. The test of the law is whether the ratio of the 
vertical distMUces between the curves I) and 1>, and 0 and H, is a constant 
ratio, /.c. whetln'r curvi's (' and I) can be made to coincide by a change in /’. 

The followdng table gives the ratio at different speeds : — * 


Spiked ill feet per mi mite 

700 

800 

000 

[”■■■ 

1 1000 

1100 

1200 

Ratio 

1 *3(3 

1 '30 

i 

1-36 

1 

1 30 

1 33 1 

i 

1 -30 


Thus th(‘ ratio is practically constant, and so the “huv of corresponding 
speeds” is verified. In otluu’ words, by choosing a value f)f /’ wdiicli would 
give i) 1) as the estimated total resistance inst(‘ad of (!(\ we get a complete 
veritication of the law of comparison and the modei’n theory of resistance. 
The value of /■ necessary to arrive at this rc'sult is a reasonabli' one, a litth^ 
higher than that due to a vai-nished surface. 



CHAPTER XIL 


RESISTANCE RESULTS AND METHOD OF 
STANDARDISING. 

[t is desirable to eliminate the element of absolute size from the comparison 
af resistances oT various forms; in other words, to standardise resistance 
results in a simi’u' way to that which has been attempted in streno-th and 
stability. The method of standardising form has been explaiiu'd in A'ol. 1., 
Chapter XI., and in this volum ‘ in Chapter ITT. All forms are reduced’ 
bo the same length and set off as b," long, so that if L bo the length of a 
ship in fee. the scale upon wniJi watorlines and bodv-plans are set off is 
L to . 

^ ~ 40 T ~ ^ vessel 320 feet lor.g the scale would 

be -Jth of an inch i* uhe foot. 

Mr Fronde has devised a method which is based upon the three variables 
— displacomeiit, >’esistance, and speed. The underlying assumption in this 
sase is that the results should be plotted to variables which give the 
most serviceable criterion of performance, and that tliesi^ are given 

if wo know the degree of resistance at a given speed for a given displacement. 

The standardised values of speed arc called K, aiul the standardised 
value of resistance C. To standardise speed ^t is related to a', and 
resistance is related directly to the displacement A. 

P'or similar forim of different displacements (neglecting “the skin-friction 
L;orr( <‘tion ” due to the true friction not following the law of com])arison), 
we have — 

(1) At corresponding speeds, K and (’ are constant. From this follows— 

{'If For dhainiilar forius*of (he mvie fjiven di^dmumeut and n/n-ed, K should 
be constant and C proportio^ial to the resistance. 

• Y 

Corresponding speeds arc expres^d by the relation K = ^ constant 

^A being the displacement and Y the speed). 

p 

(I (;an be expressed in the form of and when plotted to a base of K 

would give a measure of the degree or intensity of resistance, which would be 
independent of size in so far ifs displacement measures size. But this gives 


inconvenient values f of diagram purposes, 
plotted so that C = — whicti is merely 


Te obviate this, the values of C are 
an alteration of scale, as K is 


Substituting for K its value — we have 


VOL. II. 
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This can be made similar to tlie inverse of the well-known Admiralty co- 
efficient if we further modify it by multiplying numerator and denominator 
by V, so that 

11 V KH. P. 

expressing E.II.P. not in the usual units, but in the sjime units in which 
K and *7 arc expressed : 

The unit for dimensions of hull is the value and the unit of K is 

u 

chosen from the speed of the wave, having a length - which expressed in 

feet, seconds, and cubic feet units gives one unit of that 

K for any speed V cxpi’cssed in ft. per sec. will be in these i nits, 


K = (where A is in cubic feet). 


The region of speed which corresponds to a value 1 of K is 7 knots for 
a .5000 tons ship. When K is unity the value of I{ is about , ,}ly-jj-th of 
the displacement in a cruiser or Channel steamer form, so that tlic ratio 


C = 


Jl 

AK^ 


is more conveniently expressed as 


C = 


K 

AK2 


X 1000, and these are the values .'ictually used. 


There is no real constancy in C for all dimensions or displacements, even 
in similar forms, as surf.ace friction does not follow the law of comparison. 
The method of taking account of this is to set of!’ the ])i‘o])er value of C for 
a standard length of, say, .300 feet, and then to c.alculate the diflercnce in 
surface friction due to the altered dimensions, having length r. This correc- 
tion is added to the C value if .r is less than 300 feci, and subtracted from 
it if .r is greater than 300 feet. This has been fully worked out, and the 
results are shown by curves on the Iso-K diagrams, see fig. 141. Thus we 
at first assume that the wliole of th(5 resistance confojins to the law of 
comparison, and finally make a correcLion f<n- the’ skin Met km. 

It has been shown, p, 1G8, that wlg'n resistance varies as the Sfpiare of the 
spewed for a form of standard dimeiisions, it will vary as the wetted surface S 
for other dimensions at the same speed. Further, if the resistance varies as S 
and as the square of the speed, it will vary as S’/, at corresponding speeds, i,e. 
it will vary as which is the same as by the law of comparison. Hence 
we can introduce a friction resistance correctioTi by making a deduction of 


Tf f varies with alteration of size, this has to l/e allowed for; but for ships 
above 200 feet long there is not sufficient reliable data to say that it does. 

S expressed in standard units above would be where S is the wetted 

IT'S 


surface in square feet and U- i.s At in square feet. This is expressed as a 
“skin constant^’ or skin coefficient, and is analogous to a midship area or. 
waterplane area coefficient. 
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The Icnfftli constant or cocthcicnt is called 


M, and is 


where is length 


between perpendiculars. This gives us a measure of the length for a given 
displacement. It is evident that the greater the dis])laccment in a given 
length, the smaller M will i)c. 

As tlie wavemaking features depend on the ratio of the length to tlie 
speed, a further constant or coefficient called X, the length-speed constant or 
coefficient, is introduced. Tlie unit selected for L is that which is olitained 

from a wave of length-- (L.ltlk) in.^ ead of as in unit K, which is obtained 


from a wave-length 


In the same u its as before, one unit of L 







and for speed V, 


K 

r since 

s/m 



and 



L is of value in comparing the results of forms which differ only in longi- 
tudinal scale, sin (!0 in such cases it is at the common value of L that wave- 
making conditions correspond.* 

1 f we [dot the results of a resistance ((f) intensity curve for a given form 
of sliip to a base of K, it will lie a C K curve to a constant M value. 

T -938. Therefore for a given value of i.e. for constant, C 

AtV- A<5 A1 

I\ * 

gives a value of — 

^ A 

If we have different forms, each will have a (IK curve, and generally each 
curve will have a different value for M. If wo set off’ a scries of those curves, 
each for a definite ^alue of M, we can get cross curves of M and (J for constant 
values of K. Hut these curves will not necessarily be fair or continuous 
unless the variation ; in A *cind L w'hich determine M are medc on some 
systematic basis wdiich represents a gradual and systematic variation in these 

• 

* Where V is speerl in knots, A is di.splacemen t in tons in salt watei, L is length in fed; 
betw’eeii iiorjiendiculars, and S is w’Ptted skin area in square feet. 


(1) The sjieed constant K — — x '5834. 

^ Ait 

(2) The resistance constant ^ 

(3) The length-speed constant xl’OnfrJ. 

VL 

(4) The lengtl'.«constant 


AS 


(5) The linear dimensions constant = x 'SOfi?. 


A I 


(6) The skin constant 


-09346. 
A I 
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quantities. Such a systematic variation, for instance, would be made if 
length and dran^dit reniained unchanged wliilc A was changed by reducing 
all breadth measurements in the same projDortion. A series made by varying 
the 'pro2')orfion would give systematic variation of M, which if C were plotted 
to the base of M for constant K value would give a fair curve showing the 
modification of (- in terms of variation of the breadth ])roportion. 

Other systematic variations might be adopted, such as altering the draught 
])rop()rtion without altf’.ring breadth ; or by retaining the ratio of breadth to 
draught, but altering both in the same proportion. 

All th(\sc variations could be made on one ] Kir ent form. Several parent 
forms differing from each other may be taken, and the same systematic varia- 
tions be made in these. 'J'he results will enable us to sec the relative effect 
of the same variation on different forms. 

Mr l^Voudo publislied in tlie Tranmctlom I.K.A. in lOOf the result of an 
investigation of the change in (1 which accompanied systematic variations, 
most of which were of a purely proportional character. He took a, vessel of 
the cruiser form, ‘150 x 57 x draught, from which he formed five other 

distinct typos, making six in all. The modifications in form were made 
entirely in the last 6 per cent, of the length at the fore end, and the same 
per cent, at the after end. The dimensions ami other particulars are given 
in t(n‘ following table:— - 

Seriics a. 


iTyjH. 


hfiiigtli 

Ffct. 


Ilea 111. 

Feet. 


])is- 

Draaglit 

nient. 

Feet. 


Prisiiialu: j 
Co- i 

Block Co-, ‘‘fficicuts. I Mid Sec. 
efficicat. I ! Coellicieiit 

i ■ , 

: F.B.jA.B.i 


1 

350 57 

22 6100 *486 

'538 i -570 

‘877 


e 

;bio 

,, 6083 -500 

•538 ! -601 



3 

330 - - „ 

„ 60.56 '514 

• 5:58 i *634 



1 

325 . „ 

,, 6048 . '521 

' 5.53 -631 


1 

1 

r, 

320 

„ 603 / '528 

•567 ■ -634 

i 

I 

C) 

310 ' ,, 

„ 6008 ' *541 

-.598 * 63 : 

i 

{ 


Smibbiiig 
from typo 1 . 


A.B. 10 ft. 
A.B. 20 ft. 
, 5 it. 
. 20 ft. 
f F.I 5 . 10 ft. 
t A.B. 20 ft. 
f F. B. 20 ft. 
I A.B. 20 ft. 


The changes made from type 1 are indicated in the rigbt-liaiid column. 
2 to fi were produced from 1 by snubbing th'js ends of tin' lines as in fig. IPiH. 

Hence there are six distinct forms, differing in length, fulness, and pro- 
portions of length and breadth. Each of these forms has a distinct C K curve, 
which (neglecting skin-friction correction) will give the resistance for all 
s[)eeds and displacements within the .limits upon which the cxperimc'nts were 
carried out. To each form there will be a definite M value ; and as the varia- 
tion ill M is due to a systematic variation in the amount of snubbing, it is 
possible to plot M in terms of amount snubbed at each end separately. 

Similar variations were made on another set of proportions of the same typ^t 
of lines. The following table gives similar particulars to those for Series A : — ■ 
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FPT^e iP7^pe^Fr^pc'iFrTypeiu>:k 



APTypel APTypeZ APType3to6 


Lines of TcarenJb formes xru Boefy Flan 

iW ---- 

Befcrences | 7, j i: _ 



ScoA of Feet. 
Fig. 188 . 
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Series H. 


1 




■ 

- 

— 


1 





Pi-ismatic 

1 

lype. 

1 Lengtli. 

Beam. 

Draught. 

Dis- 

place- 

immt. 

Block ( lo 
eflicient. 

Co- 

cflicicnts. 


i Feet. 

! ' 

Feet. 

F e«‘t. 



F.B. A.B. 

1 

3.^)0 

00 

19 

6100 

•480 

•538 ' -570 

2 

j 340 

J J ' 

,, 

0083 

500 

•538 : -ooi 

3 

i 330 

i 


0050 

•514 1 

•538 -031 

4 

3-iii 

1 


6048 

•521 1 

1 

•553 -631 

f) 

3-20 

” ; 


0037 

•528 j 

-567 "034 

! ^ 

310 

,, ! 

- 

6008 

1 

•.Gl 

‘bus -634 


Mid Sec, j Siiiildnn^ 
C’oeliicieiit. from tyjxi 1. 


•877 i 

„ i A. H. 10 ft. 

,, ! A.B. 20 ft. 

' ( F. H. f) ft. 

” I I A. B. 20 ft. 

I f F.P>. 10 ft. 

r , I A. B. 20 ft. 

' f F.B. 20 ft. 
” lA.B. 20 ft. 


Further variations from tliesd two scries were made hy alti'riu^^ the scale 
of the cross-sectional area (uirve, the proportions of Beam to drau^-hrremainino 
unaltered. The following tables show the method hy which this variation 
was etVocted in typi* I, and the consecpient changes in dimensions : — 


A. 


Type 1. 


2.500 tons 350 x 36*50 x 1 1*10 

3.500 „ 350 X 13-20 X 16'6S 

4,750 „ 3.50x50-3 x 19-41 
6,100 „ 350 X 57-01) X 22 00 
S,000 ,, 350 X 65-25 x 25*20 

10,500 „ 350x 7t-S0x 28-8S 


1,250 tons 350 x 29-88 x 8*60 

1,750 „ 350 X 35'35 x 10-18 

2.500 „ 350x 42-26 x 12-17 

3.500 „ 350 X 50-00 x 11-10 

1.750 „ 350 X 58-25 X 16-77 

6,100 „ 350 X 66-00 x 1!)-00 

7.750 „ 350 x 71-40 x 21-12 


Siuiilar incidels were made for each of the other five types, with one or two 
exceptions in which results appeared not to Be necessary or desirable to Be 
obtained, the only variation in the other types Being in that of length and 
snubbing, the cross-sectional dirnensioks Being the same as in this variation 
fqr type 1. 

Phe lesults of all the experiments are standardised in the manner already 
described, U. 0 values are recorded in terms of M for constant, values of K 
These arc called iso-K curves, and are really (1 M curves, each for a fixed value 
of K. The whole of the results of the A and E series, with the proportion 
variations as described, were given By Mr Fronde in t\\e Tramactions LN.A 
One set of 0 M curves for a K* value of 2*8 was given. The other results 
were given in tabular form. 

The C and M values given By Mr Fronde in tabular form, as well as the 
one set in diagram form, are, howeveis all given here in iso-lv diagrams for 
K values of 2-0, 2*4, 2-8, 3-2, 3*6, 4*0, 4*4, and 4*8, See figs. 139-146,* 

* The skin friction coiTection curves in ligs. 39-146 are rather faint excerit in fig 141 
As, however, this correction is precisely the same for all values of K and M, reference may 
be always made to fig. 141 for the necessary correction. 
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Scale of value 




Fig. 142. 
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Fig. 143. 




Fig. 144. 
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The results under series A arc directly applicable to designs when! the 
ratio of draught to breadth is *386, and series B to designs whore the ratio of 
draught to breadth is *‘288, and the mid-area form coincides with tlie one 
given, viz. having a coefticient of ‘8775. 

For ratios of drauglit to beam between tliese two and slightly beyond 
their range the nature of the variation of C may be taken as arithmetical, 
i.e. for any variation in the draught to breadth ratio between *288 and 38() 



•288 *38(1 


Fig. 117. 

the value of ('- is me ordinate at the value of the ratio on the straiglit line 
joining tlie (' value's at *288 an I *080 rc'spcctively. Set' tig. 147. 

"Mr Fronde goc's I’uither, however, and states that the ratio of draught to 
beam in eitlu'j’ of the two si'ries eaii be modified, and tlu' mid-area eoelhcient 
(!orrespondingly. witinn eeriain limits, without alU'ring thi' resistance 
provid('(l the und area and the longitudinal distriliution of displaei'iiient are 
maintained (see lig. 118). This enables one to us(‘ the givc'ii data directly 



Fro. 148. 


for a design with a slightly diflerent form of section such as is f’iven by a 
difl'crent rise of floor ^o that for which the data were made. 

Generally stat(!d, Mr F>ojide’s conclusions are f/iat the resUtance of a form 
is determined soleh/ hij the curve of the (yi'oss-section areas, to</ether vdth the 
c'jrtreme beam and the surface waterline of the forehod y, provided that the lines are 
fair, and that no features are introduceft which may cause serious eady making. 

From the above statements it will be seen that, as a guide to the estimation 
of resistance, the prismatic is better than the block coefficient. 

Tt should be noted that in applying these data to a cruiser form with 
e^^tended bow and stern the waterline length is not the length over which 
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the bloclv find prismatic coefficients and the M values have been calculated, 
whereas in a merchant-steamer design that would generally be the case ; the 
displacements of the immersed counter and ram have been taken into account, 
liowcvcr, in obtaining these coefficients and M values. 

I t will best serve the purpose of explaining these curves if we take an 
illustration of their application to a particular case. Suppose that it is 
rc(purcd to lind the E.H.T*. for a vessel 3 ‘10' x 42' x 12 096' draught, of a 
displaceiA'ent of 239”) tons and speed of 25 knots. The ratio of draught to 
beam is '2S8, and tin* block coefficient is *5 ; hence the vessel is of type 2 
series B as regards the ratio and the coefficient mentioned. The M value is 


Ai 


•3057, which is e(pial to 7*53 ; 


and the K value, corresponding to 25 


knots, is 



\N hid) 


is 


equal to 4’0. 


At the M value of 7 53, the 

fii 


(1 value for curve 2, series B, should now be read oft‘ on the sheet marked 
iso-K 4‘0 (tig. 144) : the value for C so obtained is 1*550 for a vessel of length 
300 feet. .As the vessel under consideration has a length of 330 feet, a 
skin-friction correction in tins (’’value has to be made. This can be read 
off from tig. Ill, and the correction will be found to 1 h‘ -005. As the h'ugth 
of 330 feet is an iiicrease over the standard 300 feet, th(‘ “rate of })ower ” 
will be diminished fi'om 1 •550, by *005, to 1*545. l^rom the formula 

K.H. P. w(* get, by substituting A = 2395, V = 25, and (1^1*545, 

42 i 1 

the value for K.B.B. is 8300. 

If the lines for type 2 be proportioned to the above dimensions of length, 
breadth, and draiight, the vessel obtained will ropiire 8300 hklblA to steam 
25 knots. This vessel would Inive an immersed ])iecc aft of the 330 feet 
from the fore ])er})endieidar, as in the cruiser type foi* which these data were 
compiled. 1 f the new design had been a mercliant ship with the load line 
terminating at the after perpendicular, in order to use these tank results a 
correction for the immersed counter would have to be made ; taking the 
counter as 4*6 ])i‘r cent, of the length betvv(‘en perpendiculars, the design, 
instead of being considered as having an L value of length between perpen- 
diculars of 330 feet, could h.*ive lieen considered as having fi = 316 feet, and 
an immersed part thereafter for 14 feet. The U)lock coefficient over this 
shortened hmgth would ha.vo been •ff22 instead of *50 over the 330 feet, 

mid the M vuluo (A x ■:t057) = 7 d fbstoad of 7-r)3. To obtain the KH.P. 

for this vessel necessitates interpolating between the types 4 and 5 ; the 
C values for this type at M — 7*21 is 1*655 for the standard length of 300 
feet ; correcting for the length of 316 feet, this becomes 1*652, and the E.H.P. 
is 8800. "Thus, by shortening the waterline by the length of the immersed 
(jounter, and carrying the same displacement, on tl^fO same breadth and 
draught, for a speed of 25 knots, the E.H.P. is iycreased from 8300 to 8800. 

Keverting to the cruiser type, let us, as a further illustration, ii»>d the 
E.H.P. required to propel the same displacement on the same length and co- 
efficient, but with a different ratio of draught to beam, say of *386, the dinien- 
eions will then be 330x 36*29 x 14 feet draught, and the displacement and 
block coefficient will be as before for the cruiser type, and correspond to 
type 2 series A. 

It is not possible to obtain the power for this vessel at 25 knf)ts, as the 
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range of the curves is not sufficient in this type to reach this speed. At 
20*2 knots, corresponding to a K value of 3*2, a comparison of the ])owers 
can l)e made, as series B and A are both extended to this speed. 

For the former vessel, type 2, ratio of draught to beam *288, dimensions 
330' X 42' X 12 '096' and 2395 tons displacement, the C value at 20-2 knots is 
*818 and the F.H.B. 2830 ; for the latter vessel, same type, ratio of draught 
to beam ‘386, dimensions 330 x 36*29 x 14 feet and 2395 tons displacement, 
the C value is *780 and the E.ILP. 2700. • 

For the same vessel with any ratio of draught to beam between *288 and 
*386, and shghtly beyond these limit the variation in C value (and conse- 
quent E.H.P.) is inversely proportionate to the variation of this ratio for 
this speed. Thus for a vessel 330x40x 12*7' draught, and 2395 tons dis- 
placement at 20*2 knots, the C value is obtained as follows ; ti.c ratio of 

draught to bea yis *318 and the C value is | *818 -- j | ==‘806; 

the E.H.P. corresponding is 1J790. 

In a similar manner the E.K.P. for any vessel within the range of these 
data can bo determined. 

Applying' Froude’s Table of C.— From the foregoing it may be seen 
that the resistance ul‘ a form of given displacement and speed may be found 
if the choice of dimensions is yute free. The form must necessarily be one 
of the typos 1 to 0 uf the series A or B, varied only by varying the scale of 
the cross-sectional areas of the parent curves. This fixes the type of cross 
section to that of either A or B, and consequently fixes the ratio of beam to 
draught to that one of these two forms, i,e. to 57 ; 22 = 2*59 or 66 : 19 = 3*47. 
Neitlier section may suit the circumstances of the case, and it ma}* be 
necessary to make two variations on the type of section, and to adopt — 


(1) some other proportion of beam to draught than 2*59 or 3*47 ; 

(2) some other form of section. 


(1) If for a given displacement and length, and therefore M value, it is 
decided that a particular type number of A or B will give the best results as to 
C value, but that a different ratio of beam to draught is necessary, it is easy to 
proilucc a form fulfilling this further condition. The breadth and draught 
corresponding to the given 'value of displacement and L can bo determined 
from fig. 1 49, the type number and Hie letter A or B fixing them exactly. 
Tf the ratio of beam to draught that is required or the actual beam or the 
actual draught be llAcd we shall get a fiorresponding draught or beam respec- 
t’vely from the (jondition that the product of the altered beam and draught 
must be the same as the product of the beam and draught determined from 
fig. 149. 

Thus suppose Jj, li and 1) to be length, beam, and draught respectively as 
determined from the given displacement from the chosen type, say 6 A, and 
suppose, for instance, t#iar it :-5 necessary to iiavc a beam B^, the draught Dj 
of the altered form will have to be 


If now all the waterline spacings be altered on the type 6 *A in the ratio of 

D B 

J, and the half-breadth ordinates’ in the ratio of we shall have the 

ordinates for a form fulfilling the required conditions. 

VOL. II. 


13 
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To determine the 0 value for such a form it is necessary to know the 

variation of C in terms of variation of between 2*59 and .3*47. 

drauglit 

This has been determined, and it is found that between tliesc limits and a 
little beyond, the variation varies directly as the ratio jy 

j) 

Suppose, for instaiKJC, for - value of 2*59 and .3*47 the C values arc^known. 


then for an^ intermediate value of the value of C can be measured 


lirectly from a diai^ram such as fin*. 147. 

(2) It is eAide}4, however, that while this method of variation of form 
[idds j:»reatly to the ranjjje of form which can be ado 2 )ted with known results, 
it does not includT all forms of the given displacement and length. It only 
includes fonns oi one ])arent type of section, the modifications all being made 
by altering the length. I roadth, and draught ratios proportionately throughout. 

Section.^ A and B, fig. IbO, n'pvr nt the midship sections of the parent 



Vui. 150. 


types having ratios j"* ol 2*09 and 3*47 i*espeotively, Sup])ose it is desired to 

havL' for a given dispiacement and length a midship section of form C such 
as is now common in nearly all ships. I’o determine from the parent forms 
ty])es 1 to 6 a form having such a midship section, it is necessary to determine 
the efiect upon the resistanctj of a change of cross section from A or 11 other 
than dealt with, ^ 

It has been found by experiment that the resistance of form of about the 
character of types I to fi h iving other tj^pes of cross sections depends on — 

(1) the curve of cross-sectional areas ; 

(2) tlie beam of the ship ; 

(.3) the fdrm of chc waterline forward ; and that if these three are 
unaltered, considerable shipshape A*ariations in cross sections can 
be made without affecting resistance. 

• * ^ 

Suppose it is desired to i^dopt a section of form C having an area co- 
efficient of say *95. It is necessary to show how to get the complete form 
so that the curves of cross-sectional arei^s shall be unaltered. For a form X, 
see fig. 151, having the same characteristics and sectional a^’ca as A or B we 
can determine the actual resistance as already explained. One condition 

must be that : Oj: : 

Oc Oy Oa 

Also the area coefficient must be the same in all cases, viz. *877. 
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Suppose that we want to find the resistance of a form havinj^ the same 
prismatic coefficient as A or B, viz. *598 in the fore-body and *63-1 in the 
after body, but with a midship area coefficient of *95. It is to be reincndiered 
that if Uie beam, the waterline form, and the curve of cross-sectional areas 
are all tlic same the resistance will be the same ; and we may assume that if 
we retain the curve of cross-sectional areas and reduce the waterline areas the 
necessary amount to get the same displacement, we shall not increase the 
resistance. First find the value of 06 and Od, the half beam and draught that 
will give tlie re(]uirod disjdacement. Suppose B and d to be the values of 
beam and drauglit of the form 0 which will be satisfactory and will give the 



same displacement and therefore midship section area as in the form B>. Tin 
resistance of the form C may be taken as not more than that of form B. 

To olitain the actual form which the sections other than the midship om 
will have, it is necessary to divide up 0 vertically by the same number o 
equally spaced waterlincs as B. All ordinates of each corresponding water 
line of B must ])o altered in the proportion of the ordinate of the midshi] 
section of tin; same waterline. For instance, all the ordinates of No. 8 water 

line of the B form, if multiplied by the ratio will give the correspondinj 

waterlincs of C. In this way a form can be produced whose midship sectioi 
will have a coefficient of -95 and vdiosc resistance will be not more tha: 
that of B. 

We may also apply this method to find the resistance of forms havini 
ends similar to C, but having a parallel middle body. 



CHAPTER XIII. 

SADLER’S RESISTANCE RESULTS. 

Professor Sadler of Micliigan University carried out a series of experiments 
upon forms wlii were varied systematically from a parent form much fuller 
than that upon wiiich Dr Fronde's experiments, described in the last chapter, 
were based. The experiments u])on the ehect of varying lengths of midship 
hody, or straight ol breadth as it is teclmically called, which were published 
by the cl(le>’ Fronde in 1877, were in^tde witu ends the same in all cases. 

The experimonts publislu'd by Professor Sadler were made to determine 
the elfect u[)on resistance of variation in the longitudinal distribution of 
buoyancy. Starting’ ^^ith a form of about the Atlantic intermediate ty])e of 
steamer of about oOu feet long and Ifi knots speed, he modified the distri- 
bution of buoyancy longitudinally by — 

(a) putting as much as was practicable in the parallel middle, and 
by putting as litth* as practicable. 

The forms as represented by curves of cross-sectional area arc as in fig. 152 (over). 


Jhciy Flan Forms 1 & IJl 



The body-plan forms of I. and III. are shown above in fig. 153, 
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Fig, 154. 





200 


THE DESIGN AND CONSTRUCTION OF SHIPS. 


Eacli of these forms was tried at three different draughts, corresponding to 
ballast, intermediate, and load trim. 

(Uvon in ratios they are as follows : — 


L 

i 

i 

' I) 

! 

L 

D’ 1 

1 

i 


Coeflicionts. 


Block. 

Prism. 

Midship. 

8 

i 3-0 

- ; 

•697 

•784 

•949 

8 

1 

r' 2-f. 

' 20 

■715 

•747 

•956 

8 

2-143 

1 17-143 j 

•733 

•760 , 

•964 


In addition to the results from these forms, the stern of No. 3 was run with the 
bow of No. 1, and vice verm. Hence five models in all were tried, each at three 
drauglits, giving fifteen resistance curves in all. The wetted surface being 
practically the same in all forms at the same draught, the results arc plotted 
in terms of wave-making resistance only, one set of curves for each draught. 

Y 

The abscissae of the curves are — (V in knots and L in feet), ranging in 

vL 


value from *2 to ’9, which values correspond to about \\ knots to 20 knots in 
a fiOO-feet ship. 

The ordinates are resistances in lbs. per ton of displacement in salt water. 
Hence the results maybe said to be standardised, though not in the same way 
as i)r Fronde has standardised by the method already described. 

The general cliaractei’ of a curve of resistance is the same at all draughts 

for a given model. The value of -^=*55 (12*22 knots in a 500-fcct ship) 


gives approximately the same results for all forms at the two deeper draughts, 
and a minimum of difference even in the lightest draught. 

From this Value of — ^ to the practical limit ef speed at which such ships 

would be run, viz. at '7, there is a very rapid variation in resistance, the fine 
bow with the full stern giving the best, results except in the lightest draughts 
for values between ’55 and *65. For lower speeds than *55 the worst form is 


CoMPAIlATIVE WaVE-MAKIKG RESISTANCE. 


V 

Vl’ 

Light Draft. 

Medium Draft, 

% 

Deep Draft. 

•6 

1*0 : 1-448 

I'O : 1-24 

I'O : 1-457 

•65. . 

1-0 : r715 

1-0 : 1-57 

1-0: 1-545 1 

•7 

1-0 : 2'150 

1-0 : 1-946 

1-0; 1-75 ! 

j *75 

10 ; 2130 

1-0: 1-926 

1 

1-0: 1-68 ; 

i 
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generally that with the finest bow and stern, the best being that ^^ith thi; I’lill 
bow and stern except at the lightest dranglit, where the usual ship form is 
slightly better. Altogether it seems that the least resistance at practical 
speeds for the given fineness of form is given by a vessel with full stern 
and fine bow. The results in tabular form arc given in the preceding and 
following tables : — 


OOMPAllATIVE ToTAI RE.SfST VNCE. 


V 

Vl’ 

Light Draft. 

Medium Draft, 

1 )eej 

Draft, j 

j 

- 1 

1 -c. 

1-0 

1*075 

1*0 

1*053 

1*0 

1*0.55 


1-0 

I-IO 

1-0 

1*14 

1 *0 ; 

: T13 ; 

1 

' 7 

] -0 

1*26 

1*0 

1*222 

1 TO : 

: T20 * 

' 7:) 

; 1-0 

: 1 *305 

1 

i 1*0 

l*2t)2 

i TO 

: 1 *20 1 


These figure.s indicate the ratio between the resistance of a vessel with 
tine bow' and full stern to one wdth full bow' and stern. 

Further experiments w'ere undertaken on the same lines as the preceding 
wdth models of finer and fuller block cocflicients than the '733 of the fore- 
going. They were then all com])arcd. The particulars of the models are 
given below. 


Series No. 

L 

D 

' 

L 
</ ' 

Block. 

Coefficients. 

Prism. 

Midship. 

FOd) 

8 

2 *14 2 ; 

\ 17-142 1 

1 j 

•6533 

•6778 

•9638 

F7 

8 

j 2*142 

17*1‘^2 

•738 

•760 

*964 

F8 

8 

2*^ 12 

17*142 i 

•855 

•869 

•984 


The curves.of sectional areas of F8 and F6 are showui in fig. 157 and the 
body-plan in figs. 1 GO, 161. In each case the dimensions, displacement, and 
coefficients have been kept constant for each series, and the displacement 
distributed longitudjnally Ln' altering the curve ot sectional areas, ihe 
general shajie of the secti<*n was kept constant, and parallel middle body 
was actually parallel, not virtually so. The results of trials are given for 
maximum draught only. The fine }|o\v and stern arc marked IB, lb, and 
the fuller bow^ and stern with no middle body, or in the case of the fullest 
type a reduced middle body, 2 B, 2 B, and combinations ol the two, such as 
fine bow with the full stern, 1 B, 2 B. 

With the fullest form, F 8, there is not much scope for variation in form 
of the ends on account of their shortness, and here the form with the fine 
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Fig 157 



SAPLER'S resistance results. *i05‘ 

ends and long middle body is decidedly the worst, while that with the shorter 
middle body and fuller ends is the best : this is shown in the accompanying 
diagram of ) 'siduary resistance per ton of displacement, fig. 158, and in 
the table of comparisons as follows ; — 


V 

IB, IS. 

1 B, 2 S. 

2B, IS. 

2B, 2S. 

\/L 





■5 

100 

80-0 

84 f) 

56-0 

! 

1 -55 

100 

77*7 

79-0 

50*6 

1 

100 

74-0 

72 0 

53*0 ' 


Tlio results for this full form (*855 block coefficient) are the reverse of those 
obtained for the finer torms, and the explanation is probably that in fining 
the slior' ends a rather abi .lOt .diouldor is formed. In the finer form, 
F6 U) (d»r).33 block coeffi(*iMit), the curves of residuary resistance are shown 
in fig. 1.59, and the comparati\c icsiduary resistances are as follows : — 


V 

V.' 

2 B, 1 S. 

2 B, 2 S. 

1 B, 1 S. 

IB, 2S. 

*75 

]00 

86-5 

62 6 

64*5 

•80 

100 

, 87 6 

61*7 

63-5 

*85 

100 

j 91 2 

71*7 

69*5 


In this case, as in the intermediate case, F7 (with block coefficient *733), 
the combination of the fine bow with the full stern gives the best result 


within the limits of practicjil speed-length ratios. 


At higher values of — tlie 

JL 

somewhat easier form represented b^ 2 B, 2 S showed it to be slightly better 
t.han the one witli the finer bow : a^ these speeds the fuller after body also 
seems better than the finer form. ^ 

A further set of experiments was conducted with the F6 (1) model and 
two other^i related to it in the following manner : The beam was in(;reased 
by the same amount in the two new models, which were numbered FG (2) 
and F 6 (3) ; F 6 (2) had exactly the same curve of sectional areas as F 6 (1), 
the beam being chiinged and increased lise of floor being given ; F 6 (3) 
had the same beam as F»G (2), but the area of the midship section was 
increased to compensate for the reduction of displacement due to cutting 
away the form between sections 3 |nd 5 (fig. 157). The midship sections 
are shown in fig. 162. Nos. F6 (1) and F6 (2) have therefore the same 
prismatic but different block coefficients, while F 6 (27 and F 6 (3) have 
the same block but different prismatic coefficients. The lines at the extreme 
ends arc in all cases the same. The particulars of these three models are 
as under . — 









sadler’s resistance results. 20» 



I 


No. 

L 

ir 

li 

L 

<V 


rrism. 

Miilship. 



FtiU) 

« 

1 

1 

2-142 

17-142 

-6633 

•0778 

-9038 

Fti(2) 

I 

7-J72 : 

2 aos 

, *17-142 

-694 

*6778 

-874 

F6(:j) 

7-272 1 

2*358 

17-142 

•594 

-064 

•896 

% 


The (juries of loslduMry resistance are shown in fig. 163, and the com- 
parative residuary resistances are as in the following table ; — 


1 V • 

; Vi" 


F(iH 

1 

F6(3). 

; ■ 1 
i 

100 

f 

96 i 

96 

1 -86 

100 

95-4 i 

92-3* ! 

1 

100 

i 

92*3 

1 

81-2 
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Up to *8 speed-length ratio there is very little to choose between the 



three models, but above that the improvement is well defined, F G (3) 
showing it to be better than either of the other two. 


Fm. 163. 



OHAP'J'ER XIV. 


OTHER RESISTANCE RESULTS. 

'PuK two ])rp(*c3(3iuj_^ chaiitorK .‘ic-tual rosistanca* roHults wliich arc applicalilc* 
to fiiK' shi[)s of tlic‘ crinser or (’hanne! st(‘ainer type and to the foil eonnnereial 
steamer ty^pc* yes[)(.“cti I v. 'J'he\ ar(‘ each based upon very ^ood ])ar(int forms, 
and, witliin tlie limits of fulness t* • liieh tliey are applicable, tlu'v enable the 
aetmd resistances of forms soitable for jiraetical desijxnin^ to be obtained. 
Tlie methods of st.indardising arc the same in piineaple, \i/. the intensity of 
resistane*' measiin'd jis a i‘ati>. 1 > displaecancnt is jdotted to a base of speed 
measured as .1 ratm to the sipiart' root of th(‘ length. In this chapter a third 
method of plotting results is given, in which, for displacements of a given 
form varii'd by proportional increast* of all dimensions, th(‘ corresponding 
Jvll.b. is pUitted for coiustant speed. 

Diagrams Ki-l to ISO liave been prepared from the resistances of twelve 
models of actual ships as obtained in an e.\[)erimental tank. These shijis 
are all of good form and proportions, and the diagrams are deduced from 
results obtained at one draught of each of the jiarent typi's. The diagrams 
are ordinates of K 11.1*. plotted 111 terms of <lisplacemcnt at a constant s])eed, 
and diagrams are given at speeds from Jo to 20 knots at intervals of 1 knot, 
and from 20 to 20 knots at intervals of 2 knots. A second smdes of curves is 
drawn on each diagram, giving the length of ship corresponding to each 
displacc'inent in the ditl’crent typies. 

Each sheet therefore Jives the E. Il.l*. required to drive a given dis- 
placement at the speed for which the sheet is prepared, and the length of ship 
corresponding, and the designer can select tin* number of the ship reipiiring 
the least horsepower ai that disphufement and speed. The number indi- 
cates the ])arent ship ; and if her dimensions of length, bi'v.adth, and draught 
are all multijilied liy the same factor as that by which the length has been 
alterc’d from the parcaii type, the dimensions and displacement of the 
ship re([uired wall be given, and the form wdll be the same as that of the 
parent ship. 

This is simply a t*raphic method of con^aring the forms of the twelvi' 
shi[)s enlarged or diminished *to any desired displacement to see wdiich of the 
forms will at a reipiireil speed bo drive^i for the least power. The power is 
corrccitly pro[)ortioued from the parent ship, and not approximated to, as 
is the case wdiere the Admiralty c.ocUieient method is used^ that is to say, * 
the kkir.P. is iiroportioned in the ratio of speed- for friction as against 
speed^ in the Admiralty coellicicnt method, and the actual wavemaking 
resistance is calculated. 

Some of the types do not occur in all the seventeen sheets, either because 
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the range of speeds over which tlieir original was tried will not propoilion to 
that extent without introducing too high or too low displacements, or because 
the E.H.P.’s obtained were so high in comparison with those givem as not to 
be worth recording. 

The ordinates of the E. K. P. curves, as ol)tained from the experimental 
tank results, were subdivided into E.H.P. ordinates corresponding to frictional 
and wavemaking resistances. frictional resistances were calculatt‘d 

directly, and from these the frictional E.E.lb obtained, and the »3!frerence 
between the total E. H.P. and the frictional E.bl.l\ gHve wavemaking E.H.I’. 
The frictio nal resistance in lbs. of a »y ship is equal where is the 

frictional coefficient or average resistance in lbs. per s(piare foot at unit velocity 
over her whole length, A is the wetted surface in scpiare feet, and V is the 
speed in knots • ‘.a these units /' for a painted steel surface of .‘500 leet* length 
in sea water lb., and greater for shorter lengths: this is deduced 

from the cla' i'*ai experiments of Eroude and Tideman ; it is taken as constant, 
however, over the range of lengths in these results. 

The friotiomd E. E.P. = lv.\. in proper units, II being the resistance 

1 * (• • . IV 4- 1 run OAT (/AV‘8')Vx 101':5;5 

due to Iri^ ion at speed \ : ii.ctional E.H.P. = PiV = ' 

^ 3:5000 


•00892 X A X V‘"'x 101-33 
:{3()00 


AV“- 

;ffiol0‘ 


Thus from the total E. IJ.P. the frictional 


E.ll.l’. can be deducted, and curves of E.II.P. residuary and E.H.P. frictional 
can be plotted on the base of speeds. 

If the ship’s uiiiiciisiuns be altered to «L, ?^15, and ?/(f, the wetted surface 
will become iirA and the displacement ; if the speed be altered to tiY the 


E.H.P. frictional will become 

30510 


' .36510 ’ 


i.e. the* E.H.P. frictional 


will be altered by multiplying the original E.H.P. frictional by In this 


pAiiTKajLAus or Vks.skls. 


No, of 
Curve. 

Dimensions of Vessel, 
liength X Extveifle 
Beam x Draught. 

Displacement 

Tons. 

Prismatic 

Coefficient. 

M i(hSec. 
Coefficient. 

Block 

Cuetiicient. 

I. 

4:30x51 x‘^,8 

• 

10^30 

•621 

•952 

•694 

lA. 

430 X 51 X 21 -9 

7650 

•599 

•93 

•557 

Ha. 

440 xdC) x24*5 

9800 

•554 

371 

•482 % j 

Ilu. 

440 ''"lO x‘22'7 

8800 

•545 

■861 

•468 i 

Hr. 

' 440 x 63 x2(;-2 

10800 

-.561 

•879 

•497 

HI. 

520 X 63 X 21 ‘25 

ii.tr^o 

•611 

•935 

•571 

IV. 

480 x 57 X 21-4 

12250 

•759 

•96 

■730 

V. 

272x 34 X 9T 

13.50 

•551 j 

1 -934 

•515 

VIA. i 

208xl9%x 5*7 • 

270 • 



•408 1 

Vila. ; 

390x 75 x27-5 

14840 

•685 

•942 1 

1 •045 ' 

VIIIa. : 

400 x 75 x267 

15W)0 

•702 

932 ; 

j -654 

IX. i 

212 X 21-2 X 9-S 

400 

-.537 

•502 

•318 

XL 1 

600x65 x27*0 

19600 

*675 

•963 

•650 

XII. 

500 X 71 X 26 

14000 

•576 

-•924 

1 -532 

XIlA. 

600 X 71 X 24 

12600 

•564 

•918 

i -518 

XI In. 

7)00 X 71 X 28 

1 15400 

•585 

i *929 i 

1 ■643 

1 XHl. ■ 

200 X 19 '5 X 4*9 

240 

•627 

•712 : 

i -441 
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way, and ))y taking scricy of values of w, new E.H.D, frictional curves can be 
obtained foi* scries of speeds, lengths, and displacements. 

►Similarly, the E.H.P. wavemaking can be altered to suit tlicse altered 
dimensions. Fronde’s law of comparison holds in this case, and it states that 
if the liiH'ar dimensions be altered to 7/11, and ml (avIicii the A will become 
7/-*A), at speeds of ?/-V the wavemaking resistance will be tiim's the 
original wavemaking resistance. K.H.Jk wavemaking It V" where II is the 
wavemaTt'ing resistamu? at speed V. For linear dimensions altered in the 
ratio of n, and V altered in the ratio of //'•, K.If.lk will be altered to x \n\ 
which is the original E. II.P. wavemaking altered in the ratio of 7/’' '. 

The general formuhe for all values of n thus become 

• ^ A A' 2 SI... in 

.ukI K.H.1\„@Vh' -(K.II.T.„,Giiv')/t"l 

^Idie jiarticulars »)f tlu' parent ships from which these diagrams have been 
pre])ai’ed are given on (). 229. 




CHAPTER XV. 


DETERMINATION OF MACHINERY HORSE-POWER 
FROM RESISTANCE HORSE-POWER. 


\V 


the rcsit^tanci; li iioc*cv:sary to loaiiitaiii llu; given sy)eed V is known, the 
powi'r (‘\j>(i'dc‘(l in ov''r'*ojuing‘ t!»'s resistance will be --- llV. W hen, as in the 
(;ase of sailing-ships or in vesWls b^'i ig towed, tlic force nec('ssary to balance 
tlie vsisia.i /e is obtained '*rn'-t nntsicle the vessel, the total power ex])cnded 
upon the vessel will be 11 V, but when the loree is dcv<'l()ped Iroin inside the 
vessel, sueh as in the ease of s' '‘aniers propelled by ])addles, screw profiellers, or 
hydranlie [im^mlse the toi.d power expended on the vessel is innch more than 
liV, but in all enses the nsefnl power is UV. In the case of vessels internally 
])ropelled, the source of eiuTgy is a machine which is capable of delivering so 
m:mv units of work per unit of time. The rate of energy developed or the 
eiKUg'v developed pel' unit of time is spoken of as pow’er, and the unit most 
connnonly applied in stiNiinshi]) work is a horse-power w hich is dd,00() foot-lbs. 


per minute. Hence, if U b(‘ in lbs. and V in feet per minute. 


horse-power r('([uired to ovcTcome It at speed V. This is usually called 
ctfective horse-p(/W'er, or H.11.1*. The ai'tual work done or energy develoyicd 
in tlu’ cylinder of the steam engine is spoken of as indicated liorse-power 
because it is measured by indicators which continuously record the pressure 
of the st(‘am from point to point throughout the stroke of the engine. 1 he 
indicated horse power is tl?c w'ork done by the steiini, and is* the asset W'hich 
the designer has *0 wairk upon in obtaining his speed. The useful ellect 

V 11 r 

produced is iiuasuved by the that the ratio is the measure 

of the ettieiiaiey of the method of propelling, and is nsnally called the jiro- 
pulsive coeflicient. The ditfercnce between the E.TI.l . and the l.H*l\ 
r(!preseiits the losses o^ power, avoidable and unavoidable, between the steam 
cylind(U’ an<l tlu' result produced in power necessary to maintain the speed of 
ship. They may be sninnicd up as follows : — 

1. Engine frictioiwdne b> tightness of glands and bearings. This absorbs 
some of the forc(‘s in the steam cylinder before the engine can be moved, and 
there fore before any ]>owa‘r can be obtained. 

li. Engine friction due to load, or the additional friction brought on the 
engine when it begins to overcome the resistance to motion, and develops a« 
reaction from the tlirust of propeller back again on ffic engine. These 
reactions or pressures cause increased friction, wdiicli increases as the thrust 
increases. 

3. Work taken off the main shaft for other purposes than turning the 
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propeller, such as air pumps, feed pumps, and bilge pumps, when they are 
connected to the main engine. 

4. In a screw ship there is an edgewise resistance of the blades of the 
propeller — the blades having an appreciable thickness and form, and having 
surfaces which develop frictional resistance with the water — so that the 
turning of the propeller causes resistance to be developed which produces 
no thrust, and therefore no useful work. 

5. ihigment of resistance or thrust deduction. The stream-line motions 
which are round a model when it is being towed have a head pressure in them 
at the stej-n which partially balances the pressures at the bow. When the 
screw propeller revolves it disturbs the stream-line motion, so that these pres- 
sures do not act so effectively as when there is no propeller. The propeller 
thereby increases the resistance of the ship. We shall see later that this may 
be also considered altcrnati\'cly as a deduction of the thrust the propeller. 

6. Slip of propeller. The method of propelling a vessel by an internally- 
driven propeller necessitates that the propeller should drive water astern in 
order that the resistance of the ship to motion ahead shall be balanced. The 
motion imparted to this water is the slip, and is usually related to the speed 
of advance which the propeller would make if there were no slip. The work 
spent on setting the water in motion, thereby devetopijig thrust in the 
propeller, can never be totally recovered, and therefore is to a gi’eater or less 
extent an unavoidable loss. 

These losses for a good modern screw steamship may be summed up and 
evaluated as follows : — 


1 . Engine friction dead load 

2. „ light „ 

3. Auxiliaries . . . . 

4. Augment of resistance (this 

varies with the fulness of 
the ship) . 

!). Edgwise resistance of screw 
6. Slip 


•05 I.H.P. 
•05 „ 

•02 „ 


•10 


•22 IJI.P. 


•15 E.H.P. 
•15 to *25 ,, 

•30l^r-40 E.H.P. 


These together make the total losses which are the difference between the 
E.H.P. and the I.H.P., so that I.H.P. - E.H.P. = ’22 I.H.P. + -30 to -40 E.H.P. 
’78 I.H.P. = 1-3 to 1-4 E.H.P. i 


E.H.P. 

I.H.P. 


= -6 to -557. 


The folloAving is a list of values of the coefficient for different ’tyj)es 


Twin screws. 

Battleships and cruisers 

•5 to '55 


Channel steamer . • ♦ . 

• 5 , , • 0 5 

u 

Destroyers with twin screws 

•() ,, ‘65 


„ aiyl Channel steamers 



with turbines .... 

•48 „ -54 


Atlantic liners, high speed . 

•5 „ -hr, 

j) 

Intermediate type 

•55 „ -G 

Single screws. 

Atlantic liners .... 

•6 „ -05 

Twin screws. 

Full cargo steamers . 

•55 „ -6 

Single screws. 

)) 7 > • • • 

•6 „ •CS 
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In the cases of paddle vessels the losses are greater than in screws 
generally, and are of a somewhat different character. The first three are 
naturally similar, and the sixth is of a similar character, but generally 
greater in amount. JS’o. 4 does not exist, and No. 5 may be replaced by the 
losses due to shock on the paddle-wheel. 

On account of the arrangement of a paddle engine, and the fact that 
it is much slower running, the frictional resistance in proportion to bH.P. is 
probably higher than in a screw vessel, and is about 8 per cent to 10 percent, 
of the l.H.P. Tile live load friction will probably be about the same per cent. 

The foLowing may therefore be taken as an average distribution of the 
losses : — 

1. 09 l.H.P. 

2. -Of) „ 

3. *02 „ 

5. -15 „ 

G. 

•52 l.H 1 . - l.H.P. -E.1I.P. 

K.H.P. -*48 l.H.P. 

With these values of propulsive coefficients the jiower of the machinery 
can be lound wdien H,.., rcsisl.iii* o and the K.H.P. are determined. 



CHAPTER XVI. 

INFLUENCE OF DEPTH OF WATER QN SPEED. 

Fn shallow water and confined channels we ^et an alteration in the wave 
system generated by a shij), and hen(‘e a change in the resistance. Tliis 
is also accompanied by a dili'erenco in trim. 

This alteration in the resistance was, as stated in C'hapter IX., noticed by 
Scott Ibissell wliile (experimenting on wave forms in canals by towing a boat. 
On one occ'asion a spirited horse attached to tlie boat tools fright and ran ofi’, 
dragging the boat with it, and it was then observed that the vessel was 
carried along through comparatively smooth water with greatly diminished 
resistance. 

Since then various cxjierinients have bc'cn made to determine the exact 
irdluenee of the dejith of w'ater upon the speed of a ship moving through it. 
Some of the ex[)eriments wei'e made ujion models and some upon actual ships. 
The following are amongst the mo.st important of these : -- 

Captain Rasmussen’s Experiments on Torpedo-Boats.— (’a})tain 
llasniussen, of the Imperial I finish Navy, made a series of ti’ials on torpedo- 
boats in shallow' water of varying depths. 

l^'ig. ISJ, p. gives the results for the same boat at two difierent 

draughts. The principal dimensions are : — 

Tength, 140 feet ; breadth, 1 1 fc'ot d inches ; draught, when fully equipped, 
7 feet 4 inches J and cori’csponding displacement, TJ7 tons. 


The particulars of the 

curves ai*e — 

f 

l)ej)tli water 

111 feet. 

Displaccineiit 

in 

Carve A 

l>\ 

ior> 

„ h 

37 \ 

105 

„ c 

19.1 

105 

n P 

12 

105 

n E 

.^>1 

118 

n P 

37?. 

118 

„ 0 

19* 

11§ 


12 

t 

118 


Ourves d and e show the change of trim of tlic boat, in reference to the 
trim in still watei^ corresponding to the IT.P. curves I) and E. 

The most inq^ortant deductions from these trials are — 

(1) The H. P. curve for the greatest depth is free from liumps. 

{'!) A hnmj) occurs on the ll.l^ curve, in a given depth, when the speed 
is given by v - Jg x depth, wliere v is m feet per second and deptli is in feet. 
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(3) The less the depth the more marked is the hump in the curve, and 
from (2) the lower the speed at which it is formed. 

(4) The speed at whicli the hump is formed is independent of the dis- 
placement for the same vessel. Tlie H.l\ increases with the displacement. 

(5) At the speed v, corresponding to the hump, the boat goes along on the 
top ol* a wave of translation which ti-avels with the speed of the boat ; and 



Full lineH, disj)lacoment 105 tons. 
Dotted lines, displacement 118 tons. 


lienee, at about this speed, the resistance increases at a much lower rate for 
an increase of speed than before. 

It has already bcoi^ poinlc 1 out in (Chapter IX. p. 121, that if d is the 
depth of the channel, the speed of a wave of translation is given by v = 
where v is in feet per second and d in feet. This speed wdll be found to 
agree with the points corresponding to the humps on the H.P. curves. 

The system of waves which follows the boat is very unstable at speeds 
near v. If, for example, the rudder is put hard over, the speed may fall 
below V ; but, on the contrary, the speed may become much greater at 
the same power if the boat has been running for some time on the same 
course. 
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Major Rota’s Experiments. — Major Rota, of the Royal Italian Navy, 
has conducted a series of experiments upon models in the experimental tank 
at Spezia. 

Figs. 182, p. 236, and 183, p. 237, show the results obtained for a model 
f)l‘ the following dimensions : — 

Length, 12*33 feet ; breadth, 1*35 feet; moan draught, 0*32 feet ; displace- 
ment, 145*2 lbs. ; block coefficient, 0*43. 

Fig. 183 shows curves of resistance at constant speeds for varying depths 
of water. These are e<niivalent to curves of on a base of depths at a 

different scale. The (lotted curve shows the depths for th(‘ various speeds at 



Fan 182. — Resistance and speed curves at dilferent depths of water. 


which any increase in depth will not affect the resistance, but any siTight decrease 
of depth will increase the resistance. This may be regarded as a “ Critical 
Depth” for the particular speed at which the resistance curve 'is drawn. At 
very shallow depths, however, the resistance at tlie highest speed is seen to 
be less than in deej> water. It is also to be notice(l that the miiiimum 
resistance occurs at the same depth hsui* all speeds. This depth appears to be 
ibout ^yth of the length of the boat. This is borne out by the results of all 
bhe trials, 

Mr A. Denny’s Experiments.— These were carried out in Ins 
3xperimental tank. Fig. 184, p. 238, shows the results obtained from the ' 
iiodel of a barge, the particulars of which are given in the Table, p. 238. 

The model was run at one depth, 1*252 feet; and this was compared* 


Resistance Kg, 
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with the results at a depth of 10 feet. The rise of bow and fall of stern 
are also given for the same speeds. As a result of the investigation, 
Mr Denny came to the coi’ elusion .that he couU’ not guarantee for shallow 
river boats any definite sp ed. The shaded po cion of tlu' diagram denotes 
a region of instability of notion similar to that to whieli reference has been 
made above. 



of in 

— Kcsistance and depth curves at dilfereiit s]>cpds. 

Sj)cods are in metres per second. 

Sir Philip Watts> Results. — Sir I’hilip Watts contributed a paper to 
the Institution of Naval Architects, 1909, upon the s])eed trials of a Torpedo- 
Boat Destroyer at Skelmorlie and tlir Maplin Sands, which was run at 
speeds varying up to about .^5 knots. 

At Skelmorlie the depth of water is 40 fathoms, while at the Maplins it 
is only 7 ‘5. 

The dimensions of the vessel arc — 

Length, 270 feet ; breadth, 26 feet ; mean draught, during trial, 8 feet 
2 inches ; displacement, 836 tons. 
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The trim at tlic dinbrent speeds was measured. The wave profiles were 
also obtained by measiu'iiig the distances down from tlic gunwale at various 
points along the length of the ATSsel. 

Fig. ]8o, p. 239, shows the results obtained. Tlie figure shows the shaft 
hors(‘-])()wer, total tonpie, mean revs, per minute, and change of trim by the 
stet'ij, ])lotted on a base of speeds. The (“iirves for the deep condition are all 
smooth, and continuously rise with the speed, hi the shallow nutter, however, 
a hump occurs on each curve at the same speed — 22 knots — which is the 
critical s[)eed for this de 2 )th, viz. Ji/d. 



Comparison of IIksisi'ancks in Deep anu Sitam.ow Water as obtained at Messr 
Denny Ukos.’ Fxi’khimen'ial Tank, DininAiiTON, wrm a Modee of a IDboe 200' x 27' 

l-AliTICI lAKS OF 


Length. Brcndth 


! ! Coetticients. ‘ 

Moulded i Dispbiceuient in ' 

Draught, ; Fresh Water 

j I Pris ^ ^ Area. Block. 

! S- 


12' 1 62' -27' i 274 Ihs. •84(. •ys9 '827 


Depth of Deej* Water -i o'. 

Depth of Shallow Water - P252'. 

The shaded parts .show the extreme var 
atioii caused by instability. 


At speeds above 27 knots in the shallow watm’, we notice that the 
H.l\, torque, and revs, are much less than for the deepSvater. The 
change of trim is also much less. Above 30 knots ^.this dift‘erenc(‘ seems 
to be constant, and may bo appheciated by noticing that the IFF. is about 
2000 less in the shallow than in ^Jic deep water. This is equivalent to 
a difference of speed of IJ knots. Judging by Kota’s experiments given 
^ above, it may be supposed that bad the depth of water been only one-tenth 
of the length of i;iie vessel, viz. 27 feet, the resistance would have been 
2 to 3 per cent. less. 

Mr Yarrow had a series of experiments made upon models at the North 
German Lloyd tank at Bremerhaven. The results of these experiments are 
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shown in fig. 186, p. 240, and contain the same characteristics as those 
of the preceding experimenters. 



Scaije of Knots 
Fig, 185. 


Displacement, 836 ton.s. 

Itlapliu, 7*5 fathoms — show* dotted. 
Skelrnorlie, 40 fathoms, shown Adi lines. 


Mr Marriner gave an analysis of these trials, snpi^lementod by the 
actual results obtained from vhc trials of full-sized vessels. He came to 
the concbision that at each depth of water there is a speed above which 
— for that depth — there is no wave. He calls this the “ critical speed ” for 
this depth. 
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Alsf), for a given speed there is certain depth below which there is no 
wave— for that speed. Tliis is called the “critical depth ” for this si)eed. 

It is found that the relation between the critical depth and the critical 
speed can i)e expressed in the form r^ = gd^ where v and <7 arc in ft. sec. units, 

or v--ii*;H 
where V is in knots and d in feet. 

Wh*ii we liave a combination of “critical depth” and “critical speed” 
we got augmented resistance. 



in. Knots 

Fio, 186. — Curves of elective horse-power and speed in variou.s depths of water. 

No. 1. l)optl» of water = 20 ft. ' No. 4. Dc[>lh of water— 60 ft. 
n 2. ,, ,, =30 „ ,, 5. ,, -=90 ,, 

V 3. ,, ,, --45 ,, 


His main conclusions are - 

(1) The critical combinations of depth and speed do not depend upon 
the si/.c of the vessel. 

(2) There is, for every vessel, one, combination of critical depth and 
speed that is more serious than the ^olftcrs, and tliis depends largely upon 
the length of the vessel. 


V‘2 


(3) The depU'^.to be avoided is given by . bout where (Hs 


in feet 


and V in'ithots. The resist'^^^® greater and smaller depths. 

These conclusions indicate’ ^ gradually shoaling 

water, or increases her speed ifi *^11® system of 


lorso Poyyer 
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scillating waves formed by the vessel is gradually changed into a system 
f shallow-water waves ; and, as has been shown on p. 1115, these are again 
hanged into the wave of translation. For the same depth there is only 

f e velocity for a wave of translation ; and if the velocity of the boat exceeds 
at, there will be no wave system formed, and hence the resistance will 
|e diminished. 

Til order, however, to reach this speed, the critical point has to })e passed, 
diich calls for a large increase of power. C'nce this point has been p/.fssed, 
f^;ho H.l*. decreases for a slightly increased rise of speed, and then increases 
as the speed increases, but at a much slower rate than bv^fore. 

Dr Froude states that the phenomenon may be divided into three principal 
elements : — 

1. As the water shallows, the stream lines become more and more tv o- 
dimcnsional in character instead of three-dimensional. This lends to 
accentuate the st^'eam-line variations of speed and pressure, and hence 
increases the Resistance. 

2. The intensification of the stream-line variation of speed wdiich increases 
the eddymaking. 

5. The i\ .istance due to wa\t iiaking. This depends upon the relation 
botw^ecn the speed of the boat and that of a wave of translation for the 
same depth of the channel. 

When tlu' depth of w'ater is so small that the wave of translation cannot 
keep ]iace with the boat there is Jio wnivemaking, and hence there is a 
reduction in the resistance. 

From the results given it will be seen that it is possible, within fairly 
wide limits, to determine the difference in resistance between that obtained 
on tlu' assumption of deep water and that at any shallowei' depth. It is 
also seen that the resistance in shallow water may bo greater or less than 
in dee]) w^ater according as the speed is near or mucli above it. 
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PROPULSION. 


CHAPTER XVII. 

ELEMENTARY CONSIDERATION OF PROPULSION. 

Consider two floating bodies. If one of the bodies acts on the otiier wdiich 
is free to move in a fixed straight line, there must of necessity l)e a reaction 
from that otlicr. fl'liis reaction can only lie provided by the I'osistancc of the 
i)ody to eliange. of motion in virtue of its inertia, or by the I'csistanec of the 
fluid to the motion of the liody through it. If the other body’s motion 
becomes uniform, the resistance of the fluid will then be e(|ual to the force 
with which the first body 'acts on the other. 

The first body we may consider as a propeller. The pictures of the screws 
on the stern of a vessel show what kind of instrument a screw propeller is. 
In most cases each blade is a piece of a. surface which is swept out by a 
straight line revolving uniformly about a fixed axis, and moving at a uniform 
speed along that axis, — in which case the propeller is said to have constant 
pitch. The part of the surface appropriated for the form of a propeller 
blade is rre(]uently elliptic in form, so tliat it is practically an elliptic plane 
slightly twisted and placed obliquely to the shaft axis. Every square inch of 
the blade in rotating meets with rcsi'Mtaiicc, due to the inertia of the water. 
This is usually considered as being of two separate kinds — one duo to rubbing 
particles of water out of the way, the otlicr due to pnsbing them. We 
generally call tlicsc two kinds of resistance frictional and head resistance, 
respectively. K or a given speed of blade through the water, the more oblique 
the blade is the more will be the normal pressure ; and the less oblicpic, the 
greater will be the frictional resistance. Also, generally, the greater the area 
of the part of the blade moving at the given speed, the greater will be these 
resistances. Tf the blade be square the shaft there will be no push in it, 
it will be all rubbing resistance. If it be in the line of tlio shaft, it will bo 
all push and no rub. But in both these cases we shall have no reaction in 
the direction of 'rtiotion, and there will be no force to cause propulsion. For 
positions of the blade between these two there will be both rubbing and 
pushing resistances, and there will be a resultant reactional jnish in the 
direction of motion, which will vary from zero to a maximum and back again 
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bo zero between the two extreme positions of blade considered. Wliat we 
have to find out is : where is this maxiriiiun, and what is iti 

Stream-lines.— We will first try to see what goes on in the vicinity of 
a propeller when a ship is being driven by it. Fig. 187 shows the results of 
observations made by Mr ('alvert upon the direction of the flow of water iis a 
ship passes through it. The thick lines represent floating thin radial featlicrs 
which indicate the line of motion of the water relatively to the ship. ^This 
kind of change of relative motion is called stream-line motion, and its eflfect 
may be seen in actual forms round which flows a coloured fluid. This shows 
the same kind of view which one would have in looking over the stern or bow 
of a ship if the water were parti-coloured in a similar way. 



Fi';. 187. — Showing the positions taken up by the stream Inn'^ 
at the stern of a moving vessel. 

Suppos(' in this sureitm at the stern we put a revolving screw propeller. 
There will be a disturbance of these stream lines. The rubbing and pushing 
action of the pr()])eller sends the water in many directions, aiiu the action of 
rubbing and pflshing will re.ufl. on the propeller and tend to resist the rotation 
of the propeller* and will pnsh the ship ahead. The more push the reaction 
gives to the shi]) for a given turning effort of the propeller, the more efficient 
will be the result We'iave Sv‘(*ii that there is* a zero of push alioad in two 
directions of the blade relatively to the^shaft, and a maximum somewhere 
between. This will be so in the case of the propeller acting under the stern 
of the ship ; but inasmuch as the direction of the ^vater to the axis of the 
shaft and to the line of motion of the ship is itself varying and slightly 
oblique, the position of zero push will not necessarily be cither at right angles 
to each other or at the positions square to and along the shaft, as in the 
simpler case already dealt with. 

Relation between Propeller and Engine.— Let us consider Ihe 
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simpler case first. Suppose a propeller to be carried by ji ])liautom ship 
having no form, but only a capability of (1) delivering a turning effort to 
a propeller and (2) receiving a push from the propeller. Su})pose the 
turning effort on the shaft to be always the same, and such as might be 
delivered by the steady pull of a rope on a drum attached to the shaft, 
if the blade of the pro]jeller is ])laced in a plane square to the line of shaft, 
the resistance which the turning effort will meet with will be a rubbing 
or frictional resistance, and there will be no forward push given to the pro- 
peller by the reaction of the water. 'Phe shaft will run very fast, and its 
limit of speed will only be readied when the total rubbing resistances balance 
the turning effort due to the rope in the drum. A largi' amount of work will 
be done by the force in the rope moving at a great spi'cd. but the useful 
effccuin propelling the vessel willbc/.ero. If, for a rope, we were to substitute 
an engine, wc might have a very efficient engine so far a work didivered in 
relation to weight of machine or in relation to steam used, but the whole com- 
bination of screw and engine would be a useless machine. If we 2 >lace the 
ju’opeller bhwle in a jilane along the shaft we should get a large head 
resistance to the jiropcller, but it would all be in a direction square to the 
shaft, and no forw^anl push due to the reaction of the waU'r would be caused. 
As bcfor(‘, the limit of speed would be reached when the resistance to pushing 
the blade through the water balanced the pull in the rope. ^Phis warn Id be at 
a much lower speed than in the former case, and the work done would be less 
in jirojiortion to the lowering sjjccd. If the w'ork w'cre done by the same 
(mgine as before, it would not bo so ellicient an engine in relation to its 
weight nor to tliat of the steam used. Wc might be able to malji.o. it as 
efficient in relation to steam used by nialcing it larg('r and lu'a\ it»r, 1^ut this 
would still mon; sacrifice its efficiency in relation to its weight. Whatever 
w^as done to improve the efficiency of the engine in one I'cspoi't or the other 
would not make the propeller drive the shij), and, as before, the efficii'iicy of 
the a2)paratus would be /.ero. if, however, we put the ^Jropeller blade in some 
obliipie intermediate 2 )osition w’c shall get less rubbing and pushing resist- 
ances than in the resjiective first and second cases, but we shall get some 
effective juish or thrust in the jiropcller. Suppose, by a process of trial, wc 
can get the exact oblkpiity which will give a* maximum jmsh forward for a 
given jmll on the rcqie at a given sjjced, that is, for a given a, mount of wairk 
done j)er unit of time (usually called a given amount of IT. ^\), we should then 
have the best jiropeller result as fax^'iis the obliquity of the jjartieiilar blades 
of the propeller are concerned. But wu should v ’»jy then have one best 
, result. Consider bow many things have been given or assumed for the whole 
installation. First, wo assume a certain work done per unitpf time called 
horse-power. Next wc assume a given sjieed of the rope and a given force. 
These two multijilicd together give the H. P., but it is evidOnt that one-half 
the speed and twice the force would give the same Fl.]\ In fact, there is a 
great variety of speeds and bu’ces whose jiroUuct is tne Tl.P., and each one of 
these will have a different effect ,on the profiellor. It wdll also ])r()bably 
reduce the efficiency of both weight and steam consunijition if the TT.Ik is 
derived from an engine instead of a rope and drum. Increase of speed will 
increase forward' push, but the obliquity of the blades may not be the best 
for this increased speed. The engine would jjrobably be increased in 
efficiency by the increased speed. But even with this set of conditions it may 
not be that the particular j)ropcller, even if at its best obliquity, would be the 
best propeller for that particular sjiced of turning, its blade area may be 
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capable of im])rovement. It may be that the increased speed would cause too 
much to be done in rubbing and not enough in push, so that it will be seen 
that though a propeller may be the best for a given s(‘t of conditions, it may 
be that it is not the best ])est, but that a change of conditions may make a 
better best. Thus it is seen that, for the highest efhciency, not only is the 
best best propeller the best for its own engine, but it must also have the best 
engine. Sometimes it is possible to combine these excellences, but generally 
it is not, and tbe sacrifice of one or t)ther bests has to be made. • 

It is certain that we must study the engine efficiency in terms of speed 
Df rotation and 11. P., and tlic propeller in the same termu, and also in that of 
speed of shi]). 

The subject is wide and difficult to deal with in detail, and later it will be 
seen tliat i1 has been treated experimentally by model propellers as large as 
16 inches iu diauc'ter, having varying areas of blades, diameters, onliquities 
(usually called pitch), revolutions, ami s])eed of ship. These five variables all 
cause varying c-ni jencies, so ihat, treating efficiency as the residt of any of 
these five variables, we have six in all. It i;* to be noticed that efficiency of 



SCALE OF SUP PATIO — 

Fiu. 188. 


propeller is the ratio of push forward to turning effort, and these are capable 
of varying inflcpendently. It will therefore be necessary to permutate all 
these combinations by tindiffg how some vary, while others remain fixed. 
For instance, for a given s])eed of ship, and a given H.P., and given propeller, 
we may trace the change of efficiency in terms of revolutions or slip-ratio. 
This is shown in such a curve as fig. ISli.'tn which P> P is the thrust curve and 
A A the clii(uen<‘y curve. 

Elementary Plane Propeller. — Pet us first consider the simplest 
kind of proptiller— a plane attached to the floating body in such a manner 
that when acEcd on by a force it only moves a small distance, while the 
floating hotly nmves a ('omparatively large distance. e can examine the 
conditions of thrust by resolving the forces or the reactions in the direction 
of motion of the floating body,* and thereby arrive at a determination of the 
efficiency of the propeller. • 

As viewed from this standpoint, the action of a screw propeller is the 
same as that of a series of planes rigidly fixed to a revolving shaft, ^he planes 
being inclined to a transverse plane perpendicular to the shffrft. 

In the case of the paddle or stern wheel, the planes swing in vertical 
circles about a horizontal transverse axis, and are perpendicular to the fore 
and aft vertical plane. 
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We can apply Newton’s second law to determine the available thrust for 
overcoming the ship’s resistance when moving at a uniform speed if we make 
certain assumptions as to the speed of the water in the region of the propeller. 
If we look upon the ship as provided witli means whereby it can act on a 
certain volume of wat(;r so as to change the momentum of the water in a 
certain direction, we know that in order to produce this change a force is 
necessary, and that tlicrc must have been a reaction to this force, such 
reaction being provided by the resistance of the water to the motion of the 
ship. The eiliciency of tlic screw propeller and of the paddle-wheel can be 
considered from this point of view. 

Tn some ships the agent for acting on the water is constructed inside the 
ship, and the water led to and away from it by means of guide passages. 
This means of propulsion is called the jet propeller, and the action is almost 
the same as that of the centrifugal pump. 

Efficiency of the Jet Propeller.— 

Ijot iti ~ mass of unit volume of water, 

A — area of passage to pumps, 

= velocity of feed, 

V ^ velocity of water after it leaves the pumps. 

We can simplify the consideration by supposing the ship to be stationary, 
and the water to flow past the ship with a speed V. 

Then the mass of water entering the passage per second - niKN , 

Energy in mass of water entering passage per second = 

1 • f7nAV\ 9 

„ „ leaving „ 

Therefoia^, total work done, supposing no work is done on the friction of 
the passages, = - V^)- 

Let the resistance of the water to the motion of the ship through it bo K. 
Then when Vps uniform, ^ ■ 

11 — change of momentum in the waiter per second, 

= mAy{v-^Y); 


i.e. the thrust available for overcoming the resistuiice being e(iual to the 
/•hange of momentum per second, is balanced by the resistance R, or overcomes 
the resistance U at the speed V. 

The useful work is the work done in overcoming the shin’s resistance R 
at speed Y, 

i.e. useful work done per second = KV, , 

= mkY{v^Y)y. 


Etbciency = c = 


Useful work 
Total work ’ 


mkY{v-Y) Y 2V 2 
\mkY(v- - V“) V +Y y; , 

-CT ' ^ 
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It may be noted here that the lost work is equal to the energy lost in 
the race, 

= - V2) - mkN{v - V)V 

= JwAV('?;-V)2. 

In estimating tliis value for the efficiency, the assumption has been made 
that there is no loss by friction either in the passages or pumps. We may 
estimate the loss due to friction as being a function of the velocity (v+^^), so 
that the formula for the efficiency will take the form 

2V 

' (i4-V)(l+c)’ 

where c is a coefficient depending on the amount of frictioi.. 

Looking at the®abovc expressions for useful and for lost work, we see that 

in order to make € as large as possible should be small and A should 

be large. Theoretic dly tliis is the direction to go in order to increase the 
efficiency, bu in practice a limit 1 > the size A is very soon reached. There 
are also other cpiestions which arise, but these will be discussed later on. The 
efficiency of a jet propeller is therefore not large, and in actual cases it has 
been found that the forms of this means of propulsion only give something 
like 35 to 40 per cent, efficiency. 

The above method of treating the efficiency of a jet propeller applies 
directly to the case of the screw propeller. 

We see that in the jet propeller the water leaves the ship with a greater 
velocity than it enters. The difference of these two velocities, i.e. (v-Y), is 
called the speed of slip. 

If there were no slip the speed of water leaving the ship would be equal 
to the speed of the water entering the ship, and there would be no change of 
momentum and no reaction. There could therefore be no propelling force. 

Sometimes slip is defined as the theoretical speed of propeller minus the 
actual speed of ship. Care must be taken to see that we relate these two 
velocities to the same thing. The speed of slip, therefore, is the speed of the 
water in the race relatively to the surrounding water through which the ship 
is moving. 

Efficiency of Screw. — Passing to the screw, we see that here there are 
no guide passages. The screw works n? open water, and is fed without any 
directing surfaces. 

We mav imagine, however, a certain stream of water to b*^ acted upon, and 

apply the sanie formulae a^ for the jet propeller, and so get c= 

defect in this application lies in the assumption as to the stream of water 
acted upon (see also ji 271) .If we do not take into consideration the dis- 
turbed motion of the stream lines in the witke of the ship and about the 
screw, the efficiency of the latter shoirfd be greater than that ol the jet 
propeller, for the reason that there are no passages to cause friction. The 
efficiency of a good working screw propeller is generally about 60 to 70 
per cent. The jet form, however, can claim the advantages of all the 
machinery being inside the ship, easily accessible, and better under control, 
and therefore less liable to damage from the outside, but on account of its 
low efficiency it is seldom used. It is employed in some steam lifeboats where 



24B 


THE DESIGN AND CONSTRUCTION OF SHIPS. 


moderate speed is sufficient, and loss of efficiency not so important a factor. 
It is important to make the orifices for the passaijjes in a jet propeller of 
suitable size, and not too large. The shape and position of the orifices also 
require careful consideration, and it is best to make the largest dimension 
horizontal. 

Efficiency of Paddle. — The efticiency of the paddle can be examined 
in the same way. The ordinary form of paddle consists of a number of floats 
fixed a circular frame. The floats are placed so that at the instant when 
one of them is vertically under the axis it is a little more than submerged 
below the load watcrplane. The inclination or feather of the floats docs not 
aflect the question at present. The action of any float in the water while the 
paddle-wheel is revolving is to pile up the water on the after side, and by the 
defect of pressure on the forward side to cause the water to flow in to follow it 
on the forward side. At any instant there is, say, an area of stream ecpiivalent 
to the area of two floats submerged, one on each side of the ship. The 
assumption as to the race, which it is necessary to make here, is that the 
speed of the race relatively to the ship is equal to the linear speed of the 
floats. The cross-sectional area of the race is equal to the area of two floats. 

These assumptions would be nearly true for a paddle-wheel whose floats 
were always vortical, and entered and left the water without disturbing the 
stream-line flow of the race. 

Let tlic linear velocity of float = v. 

„ „ ship = V. 

V must be less than v before a forward thrust can be developed. 

Velocity of race relatively to still water = v - V. 

Let the cross sectional area of stream aflected be A. Then, as before, the 
useful work — llV. 

The total work — Kv. 

This assumes the condition of the water to be solid, yet penetrable without 
eflbrt. 

The efficiency is therefore = ^ . 

Hv V 

Th (5 mass of water acted on per second = mW. 

(fliaiige of momentum per second*'.- 7/iAV(T;- V), 

Idirust or resistance R== ?mAV(v - V). 

Useful work == -Y). 

Lost work 1L;-UV. 

- 

Loss in race j7aAV(y - V)- since (v— V)is the absolute velocity of the 
water in the race. 

Loss due to sho(;k of floats and water 

- Total work lost - loss in race 
= UiAY{v-^Y)\ 

kn the jet propeller the work lost is only |wAV('y - V)2= l of the above 
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if V is the same. It is to be observed that A is assumed to be the sectional 
area of a continuous stream in steady How, but in actual paddles the 
stream is a series of blocks of water in more or less vortex-like motion, to 
which the floats have given motion, principally astern, but also in some 
other directions. 

{v - V) the velocity of slip will bear a proportion to the linear velocity of 
the paddle v. 

v — Tr\)n I) - diameter of wheel. • 

M = number of revolutions. 

v — Y — ltTrV)n li is a constant. In this case it is 

called the “ Apparent Slip.” 

Y — \)ii{\ — k)Tr. 

But ! t — mAY{ v~V) 

— A 7 I “ D %“^’(1 -- A *). 

A- 

»»(7rL' - Jc). 

If A' is the area of the floats, 

Yv^AY, 



V 


li 

which will determine the size of float if a value for k is selected and Iw is 
known. Usually, however, the diameter of the wheel remains to be determined 
from the intended speed of ship, slip, and the number of revolutions. At 
first sight it apj)ears that the way to increase paddle efficiency is to make 
(y- V) small, or v and V nearly equal. To do this, however, it would be 
necessary to make A very large, but there is a practical limit to A, so that the 
limit of efficiency is soon reached. The losses peculiar to a paddle ar(j due 
(1) to the vertical motion o*f the floats through the water, anc^ (2) loss due to 
the shock of the floats when entering the water. Feathering paddle-wheels 
are designed to ob\ iatc the latter source of loss. A sketch of the feathering 
arrangement is given in fig. 191. Thi'lioats are geared by connecting-rods to 
an eccentric so that the plane of any float wdien entering the waiter lies in the 
line of tlie resultant of tlie forward velocity of ship and the tangential vclocijby 
of float. 

Let (d ii^ fig. In 9 be the paddle centre at any instant and C the relative 
position of the centre of a float A L entering the waiter, (j being on the 
surface. Join DC. ^J)raw CD perpendicular to ()(>, and make CD = 7rl)?^, 
i.e. velocity of float about the centre O. Draw DK horizontal and e(jual to 
V. Then C E is the resultant in ni^nitude and direction of the velocities 
of the float and ship. 

If A B lies in C E the float will then be entering without e hock. Thi^ 
only determines the inclination of float for one point, C. ^If we consider any 
other point in A B, say B, the direction of B E' the resultant of the velocity 
of B wull be different from C E, Therefore the float should be such that the 
direction of the resolved velocity of each point should be a tangent to the 
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jiirve of the float at that point : C E is tangential to the float at the surface, 
riie section A H of the float must he a curve which can be roughly approxi- 
nated to by making it a circular arc of radius equal to 0 C. It is evident 
that a float fixed in relation to the periphery of the wheel at an angle to be 
jft’ective when entering the water would be very ineffective when leaving. It 
Lhen^forc bccorries necessary to change this angle during the motion of the 
:mddl(‘ wheel. This is done by mechanism known as the feathering gear, 
hlach paddle float is hinged on an axis a little above its centre. To the 
loat is attached a lever connected by a rod to an eccentric which has a 
centre a little foiwvard and slightly above the paddle centre. This arrange- 
:nent causes the paddle floats to revolve round the axis on which they are 
hinged. See fig. 191. 



Fio. 189. — B D' is perpendicular to O 15 and equal to C I). 
D' E' is equal and parallel to I) E. 


Various methods arc used for the determination of the eccentricity which 
produces tlie desired motion of float. In some paddles the float is designed 
30 that its plain; when it strikes the water always passes through the 
highest point of the circle concentric with the paddle centre. [The centre of 
the eccentric circle is called the “Jenny Nettle Centre.” It can be found 
by drawing the planes of the floats in tw o or ^three dejsirable positions after 
the length of the smaller lever if^ fixed. 

In tlie construction for a wheel so ai to give the floats tlie required motion 
the designed speed must be fixed. The following is a method of fixing the 
position of the Jenny Nettle centre. But the more frequent practice is to 
[ix it by relation to^previous successful practice. 

A circle A B C is drawn through the lower edge of entering float. 

B T) represents the tangential velocity of float edge, D K represents the 
velocity of the vessel. Produce D K to E making D E = B D. K E will 
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represent the velocity of slip. Draw LB, where L is the middle point of 
K E. Draw the curve of float radius = radius of float centres. LB is a 
tangent to the float at B. At C draw the tangent CG==D \\ and (J H 
parallel to B C and = D E. Join C H. Draw the curve of float so tiiat C 11 
is a tangent to it at C. Let the chord to the lowest position Q of the flo.^t 
be vertical. Make the length of the float levers three-fifths of the (le})Lh of 
the float and find the centre M of the circle through the extremities of the 
levers. This gives the eccentric circle. • 

The revolutions of a paddle vary from about 10 to GO per minute in this 
country. In America a paddle-wheel is frequently driven by a very long 

I 



stroke engine attached to a beam and connecting-rod whxch rotates a radial 
or non-fealhering wheel at about one-half the number of revolutions usual 
in this country. 

The slip we have seen to be {v - V). 

v-Y • 

Sli]) ratio = 

n - V 

Slip per cent, is 100. 

0 

If the slip per cent, is 20, this is good efficiency for a paddle. Some paddles 
work with as low as 16 per cent. 


262 


THK DESIGN AND CONSTRUCTION OF SHIPS. 


Assume 

’!_An)o=i>o, 

V 

then 

A7 

?>- V = p, 

5 




1 jOss ill riu;e -- m A V ( r - Yy 
25 

"52 

Ktiective horsc-powiT ( K. ll.T.) -r RV - m\\{tf - V)V 

4 


fiOss ill the race = J-E.1T. R. 

8 

Here, again, it must be observed that A is the sectional area of an ideal 
itream of continuous motion astern. 

|{ = '"AV("-V) i„ 
iJ 

‘ill - 64 : // — 22 . 


R-2AV(?>- V)-2Ah)(i;-V). 

R 

A'^ .. , ^ wliore A' ^ area of two floats in sii. ft. 

2?’(e-y) ^ 

Now (/' - V) — , and ?’ = ’|v. 


A' — *'-r-for a slip of 20 i/4 cent. 

5 1 ^ ' 

c Analysis of the I.H.P. of Paddle Engines.— The actual values of 
die ratios can only be determined by exjieriment or by comparison ’of success- 
ul vessels. An estimate has been made, and the following a iv siipjiosed to 
)e fairly accurate percentages for a good working s(;t of paddle engines. 


lorsc-power re<]uired to overcome resistance of ship^ 1 x E.lf.R. . • (1) 

,, lost due to race . . . rr:*li;5 , (2) 

„ „ shocks, etc. . . . =-125 „ . . (3) 

vertical motion of floats . =•! „ . (4) 

Total loss which is proportional to K.H P. = *35 K.II 1\ 

*^d. 2,is only \ of total loss due to race. 
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No. i is a variable quantity, and depends. on form of floats, etc. 


Initial friction of engine = Tl l.H.P. 

. . (1) 

Live oad friction =*15 „ 

• • (2) 

Losses due to pumps — *01 „ 

• ■ (3) 


Total loss proportioiml to l.H.P. = *3 I.H.l’. 

No. 2 includes frictional loss in parts of paddle that cannot be hifiricated 
as in a screw engine. They run in wat r. 


E.ll.V. + sum-total loss= l.H.U. 
i.r. 1-3.0 K.H.]\ + -3 l.ll.r.-i.H.U. 
l-3r)E.H.'\--7 l.H.P. 


Kl!.". 

I.H'.E 


'h'J, which is a very i^ood result for a paddle engine. 


Examination of Efficiency — according to the Blade Theory. — 

The niethov! just considered d<-j>( 'ids iqum the dynamical changes that take 
place in a (piantity of w.-iier wdiicli can be acted upon by the propeller, 
llankine considered the qut'.stiou of propeller eflicienc}'^ in this woiy, and to 
his theory as ap['^''‘d to ^crow ])ropeilers the name “disc theory” was 
given. It was assumed that the volume of water that caused tlic change 
of momentum was measured by the area of the disc of the tips of the pro- 
peller and the. sli]>. 

However, when it is necessary to e.xamine what ciroct the variation in 
shape or design of the propeller having a giving disc area and sli]) has upon 
the oirKMcncy, this method otters no assistance. Experience has shown that 
considerable differences exist in such cast's, and therefoi‘e. an examination of 
the relations between all the. forces acting on the propeller is necessary before 
the ('fleet on etticieiicy of variations in the design can he stated. The general 
conclusions based on the disc theory an; that large disc area and small slip 
are necessary for high efliciency. Kx])erience has not borne this out, and it 
becomes necessary to investigate the subject of screw propellers in full 
detail. This can be done by considering first the simple case of a 
small clement of the surface of the propeller. The theory of the 
])ropiilsive efficiency of the element of a jiropcller blade was enunciated 
by the late Mr W. Fioude. 3\) this*t%eory the name of “blade theory” has 
been given. 

The sinqilest kind of propeller that one can imagiir is a plane winch 
is constrahicd to Uiove in a definite straight line by some pow-cr within 
the ship. f 

Examination of the Efficiency of a Small Plane Propeller.— l..et 

EC,' flg. 192, be the.simdl pl^ne fixed in direction placed so that its normal 
is at an angle 0 with the line of iiiotimi A of the ship. A force T acting 
along (^A causes the ^h ip to move in*’ direction AB with velocity and in 
diro(;tion (I A with velocity v. A (- is at an angle a to A B. 

Let the reaction of the plane C C' be U along a line C R inch led at J3 to 
A B. This reaction propels the ship in the direction A^B. We can resolve 
this reaction into components. 

R cos (/:? - ^) = r, say, perpendicular to C C', and R sin [p-0) — Q, sp-y, 
parallel to C C'. P represents the normal reaction of the plane. Q repsesents 
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the friction of the plane. Then the total available thrust for overcoming the 
resistance to the motion of the ship along A B 

= R cos ^ 

= P cos 0 - Q sin 0, 

For uniform motion along A B this must equal the resolved part of the thrust 
T along A B = T cos a. • 

Also the component of R along AC’ must he equal and opposite to the 
thrust T, 

i.e. T = P cos (a - sin (a - 0). 

T’hereforc the useful work, which equals work done against resistance by 



Fig. 192. 


thrust T cos a at speed u is equal to T// cos a^(Pcos 0-Q sin B)u. The 
total work is the v\oA done in moving the propeller plane against resistance 
T?; i ^ 

) P cos (a - ^) + C^ sin (a - 

M, Useful work (P cos ^ - Q sin 3)if 

The cthciencv= - - , = - - 7 — / — Tjr-,- 

•• ‘ 1 otal work {P cos (a - ^) + CJ sin (a - 6) [i; 

In the case of a j^erfecilij smooth plane Q — 0. 


So that 


V cos 0 u u • cos 0 
P cos (a ~ 6) t V cos (a - 0 ) 


If the plane is moved in the direction of its normal then (a - =0. 


So that € = - cos 0 

V 


and T = R. 
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Again, if the plane is moved in the direction of its normal, and also 
if the plane is perpendicular to line of motion of ship, then — 0, 


and therefore € == 

V 

and T = U. 


lii Jie general case the expression for the etliciency of a smooth plane 
pi'opeller is 


V/ cos 0 
V cos (a - 


If we sup[*ose tliat the water is solid, yet pcnctrahle by the jdaiie edgewise 
without cllbrt, the condition will be the same as if the plane wau*e pushed 
along a smootli unyielding surface parallel to itself. In such a case, there 
being no loss of w'ork, the work done in pushing the plaiu' would C(pial the 
total work done. 

11 once €=1. 

n cos 0 _ j 

V cos (a — 0) 

n, the velocity of the shij), = 

cos 0 


'J’his is the theoretical maximum velocity. 

In the actual case of the plane working in water, n is aUvays less than 
V cos (a - 
COS 0 

The difference of these two velocities, ^ ^ - ?/, is called the 

cos 0 

velocity of slip. 

Ill the case considered above, where the plane is perpendicular to the line 
of motion of ship, the velocity of slip = v-n. 

“ Slip ratio ” is defined to be 

V cos (a - 0^ 

cos 0y f ^ 

V cos {(1-0) ~ ' 

cos 0 

,S — 1 - ^ — 1 - € 

V cos (a - 0) 

Wc may now' apply the above general propcsition to ])articular cases. 
Paddle. — Consider one immersed float, as in fig. 193, of a radial paddle- 
wheel. 

Let W W, be the w'atcr surface. 0 is the paddle centre. A B the float. 
0 A B a radial arm_. 

The resistance of the water can he represented by a force K acting at the 
centre of pressure of the float. 

. Let B and Q be the components of this resistance perpendicular and 
parallel to the plane of the float respectively. 
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Let the inclination of AB to the vortical be 0. Then the angle of 
inclination of B to the horizontal is 0, 

The angle between P and the direction of motion is therefore 6, 

Applying the formula as in the case of the plane propeller, 

T = P cos ^ - Q sin By 

wdiere T represents the useful thrust, i.e. the thrust to overcome B, the 
resistance of ship. • 

Let V = tangent'al velocity of the float at the instant umhu' consideration. 
Let '«■ = rejulting velocity of ship. 

Useful work done =T?^ 

(P cos B - Q sin B)'ii. 

Now the component of the resistance 11, to the motion of the plane along 
the line of motion rf float, — 1*. 



Total work (lone = Pt^ 

_ (P cos ^ - Q sin Bl)n 


Q = o, 

n cos B 

€ = . 

V 

B = 0y 


For i' perfectly smooth Poat 
and 

•« 

When the float is vertical 

• 1 . * 

aiur €=~. 

V 

Feathering Floats. — Consider a point in the float at a distance r from 
the paddle centre. The principle of a feathering float has already been dealt 
with, but it may be interesting to examine the question from another point of 

^^^^f the tangential velocity v of the point equals the velocity of forward 
motions of the paddle centre or ship, the point will describe a cycloid. _ A* 

VOL. II. 
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cycloid is the path of a point on the circumference of a circle which rolls 
on its circumference without slipping. 

Tf by some mechanism we could feather the float so that its piano would be 



Fig. 194. 



Kin. 195. 



always tangential to the cycloid in fig. 194, then there would be a minimum 
of shock. ' 


In the actual case of a paddle driving a ship a certain amount of slip 
necessarily takes^ place, thus making n less than and the path traced out by 
a point whose radiUs is r would be % curtate trochoid (fig. 195). A curtate 
trochoid is traced out by a point on the circumference if the circle slipped 
.with a uniform velocitv. This is euuivalent t.n t.hn nniTit. 1 nn 
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circumference of a circle whose radius is greater than the radius of the rolling 
circle. 

Again, if the floats be feathered so that the plane of one float follows a 
curtate trochoid as in fig. 195, the resulting path of a point in the float when 
driving the ship would be a trochoid more curtate than the one in the figure. 



• * * 

Thus we see that in order to have the forw^ard motion equal to a certain 
amount n, when the tangential velocity of the paddle floats is v we should 
feather tlie floats to a curtate trochoid formed by the velocities v and ?/j., 
whore is greater than n by an amount depending upon the velocity of slip.* 
In practice this method for finding the amount of feather is not adopted, a 
practical method being to feather the float so that its plane passes through 
the highest point of the paddle circle. , 

It is also interesting to sec what feather should be given to the floats 
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when n is pjreater than v. A velocity '//, greater than v is chosen, and the 
resultant curve of and v then found. 

The form is as in fig. 196 and is a trochoid. 

For any desired values of n and n we can construel floats to the required 
feather if we know what the velocity of slip is likely to he. 

Efficiency of a Feathering Float— 

Let the forward motion of ship = 'a. 

L^t the tangential velocity of float = v. 

(Jonsider the float at any instant, when centre is at F, say (fig. 197). 

Ohoose velocity Uy greater than n by an amount de]>encling upon the 
slip. 

Tn some i)addles iiy ^ v, that is, when the float is designed to pass through 
the top part of the circle. 

Tliis makes a = ^ 


Tlie velocity of sli]) is (v - it), an assumption that was made in the 
treatment of paddle ctliciency by the other method. 

11(1 _ itj sin 0 _ sin a 
cos a 


We also lijivc 


tana=~^ -1 = 

Cl^ i'-itjCOS^ 


Set off triangle of velocities F BA, BA = ?t, and F A--^ v as shown, and is 
perpendicular to 0 F. Then F B is the jflane of float. 

Let 0 be the paddle centre, and tlm angh^ F 0 K — B. 0 K is the vertical. 
Let r and f) be the components of the resistance of the water to the 
motion of the float. 

Let ^AFB — a. 

Then the angle between P and A F produced is - a}j and the angle 

between P and W W produced is + where W W is the water surface, 

and is therefore the direction of ship’s motion. 

Let T — com])onent of resistances in direction of motion. 

Then Ta = useful work done. 


. *. Useful work ~ | ® ~ + a ~ | %. 

Total work done work done against resistances to tangential motion 
= I 1' cos (u sill (^ - tt) I IK 


Efiiciency 


I P cos + a - - Q sin + a “ 9 ) I 

I P hos + Q I 


in the general cast*. 

_ {J* sin (^ + a)-f-Q cos (^ + tt)}'// 
jP sin a + (v> cos a}v 

{]* sin 0 cos a + P cos 0 sin a + (J cos B cos a - Q sin B sin a} 
{P sin a + Q cos a}r 
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Substituting the value given above for 

COStt 

{r sin 0{v - cos 0) + P cos sin O + Q cos 6{v - cos 0) - (J sin sin $]u 
{ P?/-^ sin 6 + - Wj cos 6 ) } v 

_ { vV sin 0 + v(^ cos 6* - } /<- 

{ 1 * sir) 0 - WjQ cos 6^ + j v • 


( i> a - 

{ r cos - - Q, sin - > //. 


I P cos ^ sin ^ I 


Tliesc cases just considered 


,, T 1 . i- (P cos ^ S’ll ( u. iico^O , .. ^ 

Uadial li >at c — — — == , when (^> = 0 . 

Ur V 

I l^cos^- Qsin i a 

First feathering float c— when (^ = 0 


>! P sin 0 + Q. cos 0 - i uv 

General case ^ — - ^ v -—-i when (^) — 0 . (.3] 

I P sin 0 - Q cos 0 + | 

Tlie velocity of slip in ( 1) = v - w cos 0 

(2) — V- u 

(3) -'//, - u. 

Screw Propellers. - “A screw propeller is an apparatus wliich by it& 
rotation about a st^'aigJit line produces motion in the direction of that line 
The surface of an ordinary screw propeller blade is a helical surface. lt£ 
action in producing chrust can be seen by considering a small element of the 
surface, which we may consider as a small plane. Let this element be 
sup})osed rigidly fixed to a rod perpendicular to the axis of rotation, 
Suppose th^d the rod in turning creates no resistance. The small plane will 
bo obliipie tS this radius rod, and its effect when rotated round the axis ol 
the shaft will be to tend to move the radius rod forward or backward 
(according to the direction of burning) along the shaft axis. 

Let us first examine the nature "of a helical surface. Consider an axis 
with a radius bar so attached to it thift it can be moved along the axis whilt 
rotating. If we impart to the radius a uniform angular and at the same timt 
a uniform forward motion it will trace out a helical surface. < 

Pitch of a Helical Surface. — Let A*B, fig. 198, be the axis, and b the 
radius. Let 0 C' be position of the radius at one instant, and C'^ its 
position after a complete revolution. Then the pitch of the surface is t^c 
distance C C^. Pitch, properly speaking, only refers to a unit area of surface 
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Thus wo s])oak of the pitch at any point of the snrfacCj meaning the pitch of 
the clement of area at the point. 

If either tlie angular or forward motions of the radius were independently 
accelerated, the pitch would vary from point to point of the surface. The 
pitch at any point of a helical surface is therefore defined to be the length 
that the radius of the point would travel along the axis during one revolu- 
tion if its foiaNard velocity and angular velocity remained constant through 
that T't' volution. 

Consideration of Leading Features of a Screw Propeller.— An 

ordinary screw propeller is usually made up of 2, 3, or i blades, identically 
alike, and more or less conforming to a helical surface. They are united by 
means of bolts, or are cast into what is called the boss, ^\hich can be keyed on 
to the driving shaft. There are various shapes of blades, but the modifications 
in shape do not affect the (picstion of cfhcicney very much. 

Figures 199, 200, 201 show — 

(1) An ordinary four-bladed propeller, slow merchant ship. 

(2) Admiralty bronze pro})eller, cruiser or battleship. 

(3) Small propeller, high speed, on turbine-driven shaft. 



A propeller is right-handed if, when viewed from aft, it turns in the 
direction of the hands of a watch and drives the vessel ahead. 

The “ driving face ” is the after side, and it is this surface which is 
designed to ])roducc the rccpiired speed. 

The “back,” of a blade is the other or forward side, and its surface 
depends on the thickness of material necessary to give the blade sutlicient 
strength. 

The “leading edge of the bladc^'”"is the edge thrt cuts the water first 
when the screw is turning ahead. 

^ The “ following edge ” is the other edge of the blade. 

The “disc circle” is the circle swept out by the tips or outermost parts 
of the blades. 

The “ disc area” is the area of the disc circle. 

ddic “diameter” of the propeller is the diameter of the disc circle. 

The “pitch” of the propeller as a whole is the linear distance that the 
propeller would travel per revolution it its driving face worked in a solid fixed 
nut of the same form of surface. 

. _ If pitch ” of a propeller is not uniform, an ftVerago has to be taken. 

The ^ point we have alreiwly seen. 

pitch, if not uniform, can vary in two ways — radially and 

airily. \ 

We find the variation in radial pitch by considering the variation of 
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pitch at different points of^ a radios. Wc can find the variation in axial 
pitch by considering the variation of pitch on a circn inference of a circle 
drawn on the blade with the axis as centre. The intersection of a cylinder 
with the blade will give a line, the pitch of which from point to point may bo 
measured. 

The “area” of a blade refers to the developed area of the driving face of 
one blade, and is the “ helicoidal ” area. 

The “area or surface of a propeller” is the area of all the 1 Andes 
of it. 



The “projected” area is the projection of the helicoida' area on a plane 
perpcndiculiir to the axis. * 

The “ pitch ratio ” = 


Pitch 

Diameter 


The “diameter ^atio” 


Diameter _ dt 
Fitcfi p' 


We have seen in the case of a plane propeller that a certain t iip neces> 
sarily takes place in order to obtain the thritst. In the same way, consider- 
ing the propeller and its forward motion as a whole, its actual speed when 
driving a ship or when developing a thrust will be less than its speed if 
working in a solid fixed nut at the same rate of revolutions. 
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Let n ■= revolutions per second. 

= pitch of propeller in feet. 

V = speed of ship in ft, secs. = actual speed of propeller relatively to 
still water. 

Speed of propeller worked in a solid fixed nut = fin. 

Slip = }m - V. 

Slip ratio = 


'pn (1 - slip ratio) = V. 



Fie. ‘.iOi.— Small Ili^^li-speed Pi%pellcr for Turbine Steamer. 


Efficiency of a Simdl Element of a Screw Propeller . — Let the clement be*a 
small ])lani^ixed to a radius which offers no resistance to turning. Let the 
angle of inclination of thcjplane to the perpendicular transverse plane be <j>. 
Fig. 20*2 gives a view of the plane element, the radius being perpendicular to the 
plane of the paper. This Angfe <j6 is called tl^ pitch angle. Let the plane be 
moving at the instant wit h ’v elocity i\ aiuilet the resulting motion of the shipbe w. 

Adopting the nomenclature of the case of the plane propeller in the 
preceding chapter, 


€ = 


P cos </> - Q sin 1 w 
P sin </> -f- Q cos 


since the direction of n is perpendicular to direction of v. We are here still 
considering the water round the plane clement as being at rest. 
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Suppose wo represent the velocity v by a line A 11 (fig. 20‘3). Then the 
velocity n of ship is jierpcndicular to AB. 

Let 13 (’ be drawn — ?/.. Then AC represents tlie distance tlie elemental 
plane has actually travelled in a unit of time. The plane is, however, 
inclined to the transverse plane at an angle <!>, the pitch angle. 

Draw AD meeting B C produced in i) such that angle D A B — 



Fm. 202. 

If now we suppose the pro|)eller to be working in a solid fixed nut it will 
follow the liiK', represented by AD, but being in water, wiicre a certain 
amount of slip takes place, it will follow the line A Ct 

C D therefore represents the velocity of slip that takes place. 


J) 



The angle D A (' is called the slip angle, and the angle t! AB is called the 
virtual pitch angle. 

Call D A C, ^ ; and call C A B, a. > 

Then (a + ^) = <^ 
and tan </> ^ 

V 

. u 

tan a = - • 

V 
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The element of the blade is moving in tlio direction A(> inclined to A D 
at the angle 0. 

Expression for cfhcieiicy becomes, when in the above expression we 
write (l>=^(a + 0) and == tan a, 

V 

_ { r cos (a + ^) - sill (tt 4- 0)} tan a 
V sin (a + ^) + Q cos (a + 0) 

Theoretically, it appears from this equation that to increase t, all that is 
necessary is to dccri'ase 6 or the Slip angle ; but in doing so it will be 
necessary to run the jiropellcr plane at a very much higher number of 
revolutions in order to get the forward speed //. 

The value of Q in relation to T is dependent on the velocity, as we shall 
sec, and therefore a contrary element may come in, tending to reduce the 
efticiency as we decrease the slip. 

Tt becomes, therefore, a qucsti(*n of giving certain values to P and in 
terms of the velocity Y, and finding vhat relation of pitch and slip gives 
maximum ofii iency. The fon'c h', ^5 called the edgewise friction. This was 
the method adopted by the late Dr Eroiide in determining the best pitch 
angle and slip angle for maxiimim ethciency, and the values he took for P and 
Q were based on the ^ >llowing. 

If we have a small plane of area A moved obliquely through water at a 
speixl V, at an angle of X to its line of motion, the normal pressure 
P=^ji^AV“ sin A, and the edgewise or surface friction Q=/’AV2, where and 
/ are coefficients representing the pressure and friction per unit area of 
surface at unit velocity respectively. Mr Kroude gave for A in square feet, V 
in feet per second, P and (J in lbs., 

/; = 1*7 imd f^ '008. 

The resultant speed of plane in this case through the water is represented 
by the line A C (fig. 203), which is v sec a and X — 0. 

1^— sec- a sin 0, 

(^) =yA?/“ s("C“ a. 

f 1 _ 


P sin 0 sin 0. 


where /' = - 




Making those substitutions in the equation above for ethciency we have 


c = tan (I 


sin 6 cos (a + 0) - /•' sin (a ■+■ 


sin 6 sin (a + 0) + k cos (a + 0} 

Since 0 the slip angle is seldom greater than 10", we may take sin 0 — B and 
cos ^ ^ 1 . • * * ^ 


c = tail u 


0 cos a-0^ sin*a ~ /c sin a - A'0 cos a 
0 sin a + cos a + A’ cos o. — kO sin a 


_0{l - k) - {6- + k) tan a , 

^(1 - A-) + (61^ + k) cot a 

In this equation k is constant and the angles 0 and a are variables. It 
necessary, therefore, to find what values of a and 6 will give maxiitium 
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‘fficiency To do this, it we tind first what value ot a gives maxiiniim t when 
) is eonstant, and seeond what value of 6 gives luaxiunun e when a is constant, 

,ve can then find (a + 0). 

Suppose 6 is the only variable, a is constant. 

^ 0 for maxiniuin efficiency. 

do 

Kroin this we |j:(;t 6>=-- Jk. 

When a is the only variable, 

' 7 0 

from — 0 we get tan 2a = . 

da ^ 


So that 


tan 




lint 


tan (a + t?) -- 


taiia+ tai^ 

1 - tan tt tan 0 


Putting 0= Jki 


7^2 + lf-{0'^ + k)-\-0ia\\O 

6 { JiT- + (ff- + - v6»' + /■•) } 


v/l_+?(9‘-‘-2d+_Und 
t.in (a+ )- ^ ^ 1 ^ + -lo tan 6) 

Again making an approximation, since 6 is a small angle, putting tan 0 — 6 . 

tau(a + 0 )‘== ;; — ^ 7 |- since .yi + 40 ’ •=; 1 + 26'^ very nearly, 

' 1 - 0 + 20 -^ - 20 ^ 

— 1 very nearly, 
a + ^ = 45°. 

This is therefore the pitch angle that gives maximum efficiency. It will 
be noted that (a + 6>) is independent of the value of k. • • 

The slip angle corresponding to_anglc 45” inaximuiu efficiency is in tins 

case dependent upon k and eipials Jk. 

From the above we can therefoi<c say that if the sPp angle is increased or 
decreased by a certain small amount, the pitch angle has approximately to 
receive the same amount of increment or decrement to obtain maximum 

To pTOvc this. Suppose now we are given a certain slip 'angle other 
than Jk which gives maximum efficiency and we want to find Oj so 
that the pitch angle a^ + <9, nmy give a maximum efficiency in the new con i- 
tion, i.€, suppose we want to find ^vhat change to make in a. W lien t/ is 
constant the value of a which gives maximum efficiency is given by 


tana = ,y/l+(0 + |) -(« + |) ' 

. • (1) 

Since 0= Jk 


tan a= J\ +ik -2 Jk 

. . (2) 
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“ 0 

Let = c Jk where c is a constant = -L 

^ u 

from (1) tanaj = ^y/ . . (3) 

This equation (3) gives ns the new value for which must be associated 
with the given value 0^ to give maximum efficiency. ^ 

If no great dejjarturc f rom is made in the given slip, c will be only 

a little grea'-er or less than unity, Mid therefore may be regarded 

as equal to 2. Looking at equations (3) and (2), this means that practio«,lly 
tan a and . *. a remain unaltered. 

Let slip angle for maximum € = 0^ when pitch angle = 45°, i.e, 0^ = Jk. 

Let new slip tu.glc bo 0. 

Let a = 45" - y. 


tan a=l — v is .mall angle, 

1 + tan y ‘ 

tan a = ~ \ - 2// + 2?/^. 

1 yy 

But it has already been proved that 

un.a=^i+(o^if-(0+^: 




Call this tiVst function ol 0, X. 

So that — a ~ 2 x/1 - 4X 
V,>. ‘ .V-i-i(l- 4X)^ 

Expanding the binomial ?/—}>- -2X~ 2X‘^ - 2X^ etc.) 

= X + X*^ + X3 + ctc. 



Substituting orig. values 


+ higher powers. 
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neglecting powers of 6 above 2 
we get 
Let = 

Then ^ etc.^, substituting + h) for 0. 

But rt + 0 = 45" - 2/ 4- ^ 

tt + ^ 45° + etc.^ 

if the slip angle 6 is increased by a small amount ~ then for 
inaximum cihcicncy the pitch angle (a + 0) has to be increaserl by approximately 
the same amount, which proves the proposition. 

We have seen tan a = n/1 + 4/* - 2 Jk 
, 1 

= \/l 4- 4/’ 4- 2 s//- nearly, 
also B = s!k. 

Substituting tliese values for 6*, tan a, and cot a, in the general expression 
for efficiency, viz. 

c= tan a ^ ^ ^ ^ Fronde’s formula (see below), 

^tana4-(6>“-' + ^-) ^ ' 

, v//- - 2/' tan a 1 - 2 \//j* tan a 

we get - = --- -- 

V /■ 4" 2/' cot CL 1 4" 2 V A* cot a 

i-2x/,wr+4*+« 

1 +2 V/i Vl + U- + 4/- 

+ 4/' 2 \^/* . y 

- — tan^ (i 

V1+4/.-+,2 7/!- 

f-1 +8/- - 4 V/'(l + 2/!-). 

Putting a value for Mr Fronde calculates ’0047 as a common value. 

c = 1 *027 6 - *28 X 1 '009 1 - *75 nearly. 

€=*75 nearly. 

Tan a ^ = '80 nearly. 

The greatest efficiency that can be obtained with the above value for k is 
about?^ 6 per cent: 

Fronde’s ecpiation to the efficiency is based on the assumption that the 
frictional force Q acts along the resultant of the plane’s motion A L, and 
hence is inclined a instead of (a 4- 0) to transverse. 
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Taking Q as acting along the plane, we get 

• 

\ - sjh tan a 

1-^ + 2 cot CL 


substituting 


1 + 3A-2 n/1 + 4A- 

1 + 3 ^: +• 2 Jk Jl Vik 


All the investigations wc ha^'e hitherto considered in the question of the 
efficiency of a small plane propeller involved the assumption that the particles 
of water in tnc viciinty of the plane were at rest relatively to one another, 
so that we could thereby give a definite value to the velocity of the water as 
it met th*" plane, or, as it is called, the velocity of feed. From what we have 
seen regarding the efficiency of a small helical surface element, we can hardly 
make direct dediu'tions for an actual propeller, or even for one blade, because 
the pitch might vary fiom point to point; and even if this were not the case, 
we could not say with certainty what the at^tion at any small element of the 
blade area would be, on account of the fact of its only being a part of the 
whole blade, ind not isolated, as the case previously under consideration. 

The Standard of Efficiency of the Screw Propeller.— Professor J . B. 
Henderson of the 11.^. Oollctm, Greenwich, has recently proposed a theory 
respecting the actic'r t he screw propeller from the following considerations : — 
The propulsive efibet on a body moving through a medium is due to the 
projection of a stream of the medium in a sternward direction. In a perfect 
fluid this would set up a stream-line motion which would form a closed kine- 
matic chain, and, providing there were no discontinuities in the stream lines, 
the nett thrust on the body \vould be nil. To produce a thrust we must have 
a discontinuity in the stream-line motion. Thus a jet propeller in a perfect 
fluid, with submerged inlet and outlet, would have no losses, and therefore its 
efficiency would be unity ; but no thrust would be develo])ed. Thus, in order 
to get thrust wo must necessarily have a certain waste of energy, since a dis- 
continuity of motion will cause the formation of eddies, which is a source of 
loss. Hence our efficiency must be less than unity. As a standard of 
efficiency we can consider the jet propeller, working in a perfect fluid, to have 
the greatest efficiency possible, and therefore this will be pr.r standard of 
efficiency. Tn order to obtain thrust, energy must be imparted to the jet ; a 
portion of this must Dc lost. As we can have no eddy motion in a perfect 
fluid, wc must caii.^^e a discontinuity in H^e stream-line system l)y discharging 
the jet above the surface of the fluid. This will then represent our ideal 
propeller, which will develop thrust with a minimum wast of energy. Ijs 
efficiency may be regarded as a standard, above which it is impossible to go 
in a propc^'er working- under the conditions of ordinary practice in a viscous 
fluid, and the expression for this efficiency may be obtained as follows : — 

Let V = speed of advance of propeller. 

spee d of jet at outfet, relative to the propeller. 
r, ^ speed of fluid at inlet, relative to the propeller. 

F the mass flux through tjie propeller. 

Then thrust = 

useful power == F(?^o ** 
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Total power = flux of kinetic energy into the jet = - ?’/-). Hence the 

efficiency is mveii hy 

2V 

Now is tlie nominal dip of the propeller j it would Ix' llio actual 

slip if the fluid ahead of the propeller race were not accelerated so as to flow 
to meet the })ropeller. And is the actual slip. If wc call and 

the nominal and actual slip ratios respectively we have 

= ••• V = -(J1-S„), 


And 


/I a \ 

2V lX (1-S,) 1-S „ 

% + ’ n(2-S,.) ■ ^ 


This is therefore our ideal efficiency which cannot be exceeded. To apply 
this conception to the cas(‘ of the screw propcdler we imagine the tube of a 
submerged jet pro})eller to become (piite short. The stream-line system will 
then become Avhat is known as a free vortex. The gxmeratioii of a free vortex 
would not, however, cause a thrust, which must therefore be due to the 
discontinuity caused in the w’ake. 

Thus the waiter ahead of the sciawv flow’s towards it in stream linos, Imt 
in passing through the screw' it becomes accelerated and discontinuous with 
the surrounding fluid, and is projected sternwards as a j('t. The main 
conclusions of this method of analysis of the phenomena of ])ropulsion are : — 

(1) A propeller forms the centre of a system of stream tubes, the con- 
figuration of w'hich moves forward with the propeller. In a ])erfect fluid the 
system consumes no energy, but in a viscous fluid the energy reipiired for its 
maintenance is supplied by the i)ropeller. 

(2) In a perfect fluid -and also in a viscous fluid, apart from the small 
thrust required to maintain the stream-line system — thrust w'ould be im- 
possible of attainment without a discontinuity in the stream-tube system. 
In a jet propeller this discontinuity occurs at th(‘. outlet, and in a screw 
propeller most probably in the wake beginning at the screw' disc. 

(3) The acceleration of the fluid fihead of the pronellcr does not contribute 
to the thrust, but is brought about by :i circulation of inergy from the wake, 
as in a moving source and sink combination ; hence all the energy in the 
wake as it leaves the propeller is not lost. Tin; thrust produced J)y a screw 
propeller is due to an acceleration of the whole or part of t!m fluid as it 
passes through the screw disc, the accelerated portion being discontinuous 
with the surrounding fluid, thus forming a jet.. 

(4) In the case of a screw propeller there must be a flux of rotational 
momentum into the surrounding fluid equal to the torque. This rotational 
momentum is most probably confined to the immediate w'ake behind the 
s-crew, and the sci’cw' is continuously imparting rotational velocity to new 
fliiy, this rotational energy constituting one of the losses in the propeller. 
Since this rotational system, unlike the stream-tube system in the fore and 

direction, cannot move forw'ard with the screw unchanged, the rotational 
moti(?n is not cumulative. 
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PROPELLERS AND PROPELLER EFFICIENCY. 

'n comiiiL? to the o’^ostioii of the efficiency of a screw propeller driving a 
ihip, let ns lii'st of all examine what elfect the ship has on the water 
mmediately behind it, as that is the place where it is found most convenient 
;o have the propeller. The efficiency of the combination of ship and propeller 
s determined, not by the screw working alone in still water against a resistance 
jqnal to that of the ship for a certain speed, bnt by the efficiency of the screw 
n conjunction with the hull, or working in the wake of the hnll. Let ns first 
jxamine the conditions diut thus inllnence the efficiency. 

Conditions of Wake. — When the hull is passing through the water the 
notion of the stream lines aft depend to a great extent on the form of the 
ifter-body. The particles of the water in the vicinity of the wake have an 
nward velocity perpendicular to the line of motion of the ship. The 
propeller has a forward velocity equal to that of ship. The result is, there- 
bre, that the particles of water meet the propeller in an oblique direction, or, 
vhich is the same oficct, as if the propeller were working in still water, bnt 
Dlaced obli(piely to its lira^ of motion. The loss due to this cause is not very 
jonsiderable, but it becomes inqiortant in the question of “ vibration due to 
propellers.” 

Tn a v('ry bluff ship, blufF at the stern, a certain amount of eddying takes 
place, the water at the stern being in a state of disturbance or eddy, but the 
particles possessing a certain forward velocity. ^ 

If the propeller were placed in the eddy, and if wo neglected .any loss that 
night occur due to the turbulence of the water, the effect would be that the 
propeller would develop a greater thrust for^thc same speed of ship. That is, 
the piopeller would be placed in a stream of water having a forward velocity 
relatively to still water, and thus would work with greater cffic! ncy relatively 
bo the still water. The propeller thus gains a little of the lost energy which 
must have ifecji spent in creating the eddying wake, in fine forms there 
is practically no eddying wake of this description at all. 

Frictional W^ake,-- There*, is another kind of wake caused by skin 
friction, which is more evidenced in the finer fftrins. The effect of the skin 
friction in imparting a certain forward velbcity to particles in the vicinity of 
the skin produces the resultant effect of a certain amount of frictional wake 
at the stern, the particles having more or less a definite forward velocity 
relatively to still water. Those particles nespr the middle liiie will have the 
greatest velocity, and for tin's reason the wake will have more effect on a 
single screw than on a twin screw. This wake is also dependent to a great 
extent on the amount of skin friction, or on the character of the skin surfiyce. 
YOL. II. '^73 18 
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These distiirhancos already noted are caused by the ship moving through 
the water, and effect a change in the efficiency oT the propeller because of its 
position in the region of these disturbances. They can be briefly noted as the 
influence of the hull on the propeller, or change in efficiency due to wake. 
Further on, while considering this change in its relation to the nett efficiency 
of the hull and j)ropellcr, it will be referred to as the “ wake factor.” 

Action of Propeller on Ship. — To understand clearly the action that a 
propeller if placed in the vicinity of the stern has upon the resistance of the 
ship, it will be better first to examine the action of the pro])eller on the 
surrounding water. Su])posc we have a propeller fixed on a horizontal shaft 
in water, this shaft being controlled so that it can be turned at any desired 
number of revolutions. Also suppose that we can cause the whole body of 
water to flow past the propeller at any desired speed. I^et the propeller be loose 
on the shaft ; then no matter what may be the speed of the water, the screw 
will turn without slip. 

If we run the water at speed c, and the pitch of propeller bey^ 
then the revs, for no slip = ?i= 

V 

Sup])oso now the propeller to be fixed to the shaft. Tlu' condition of no slip 
will be pn—r. Now increase the number of revolutions to still keeping 
the speed v. There will now be a certain amount of slip, viz. pn^ - r, and the 
prop(dlcr will develop a forward thrust. 

It therefore requires this relation p7i^ greater than v before a forward 
thrust can bo develo])ed. The development of this thrust can be seen better 
by supposing v to be zero. Tn this case the propeller does not move 
relatively to the water, and the slip is jm - 0 == pn. 

As the propeller is turning round, the driving face of eacli blade exejrts a 
pressure on the water behind it and the back face exerts a suction. The sum 
of the components of these resultant forces will equal the thrust of the blade. 
The resultant eftect of the blade is to displace the water behind it in a direction 
normal to the surface, and immediately before the blade to draw the water 
after it. The excess of pressure on the driving face and the defec.t of pressure 
on the back will depend on the inertia of the water and the pressui-c due to 
the head. What we have, then, as the propeller turns, is that the water in 
the vicinity of the propeller must have a rotary motion, and at the same 
time a sternward motion. There must therefon^ be a steady flow of water 
fro)n the region in front of the propeller to that behinu it. it is to ho sup- 
posed that it will flow in from a largo area, and be gradually accelerated both 
in a rotary and sternward direction, (kmsider the crater to have a certain 
speed '/q less than pii there will be less slip, but there will sritl be the same 
charactei’istics as above described in the motion of the watei’ to the propeller, 
though to a less degree. 

Suppose this propeller wofking wdicn the speed of w^ater = V, the speed of 
ship (known), and at such a rate of' revolutions N, which give a thrust p equal 
to the resistance of ship. Consider the propeller situated at the stern of the 
sliip. If driven at revolutions N, one might think that the resultant speed 
of ship should be V, since the J)ro})eller is developing a thrust p, the resistance 
of ship at that speed, wake not being considered ; but in this condition we 
bavc to examine the tendency of the propeller to draw w ater away from the 
hull ; this wdll therefore cause a defect of pressure on the hull, and hence an 
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addition will bo made to the^ resistance of the ship, so that the propeller in 
order to drive the ship at the intended speed V will have to develop a 
proportionately greater thrust. 

The effect of the change on the resistance of the shi}) due to the propeller 
is called the “Augment of Itcsistance.” This term is most commonly used 
when we refer to its effect on the resistance of the ship. 

Experimental data furnish proof that this change, which we can see wdll 
de}u;n(l to a great extent on the pitch of the propeller, varies as the revolutions, 
and therefore as the thrust. It is therefore found more convenient, when we 
arc relating i^ to the thrust of the pi jpeller required to drive the ship at 
speed V, to call it a “thrust deduction. ' This was the term that was intni- 
duced by Mr Fronde in his work on the experimental methods of arriving at 
the best si/e of propeller to use for maximum efficicnc}^ 

We have now examined two factors that will allect the eflicicncy of a 
propeller working dchiiid the hull, vi/. “ wake factor’’ and “ thrust deduction.’' 

The first named increases the apparent effciency of the s<‘rew'. Also due 
to this factor there is sometimes nof^'d in actual eases a negative slip, which 
is oidy a])parent how'cver. 

Lt't V- sjieed of ship, 

forward sp'-Mi of wake, 

— pitch of jiropeller, 
n rate of ri volutions. 

The apparent slip is jju - V, and in some cases of full ships, with 
propcillers of small slip, is oliserved to be greater than jyn. I’his may 
be the case. The s])eed of the proptiller relatively to the wciter in wake 
is V - ?', i.e. speed relatively to the water in which it w'orks. 

The true slip is therefore = - (V - v). 

Froude’s Experiments on Screw Propellers. — 'I'he limit of 
application of the mathemati(;al dedu<*tions as to the efficiency of a small 
element of a, blade has be(*n seen to be reached when we lu'gin to sum 
up the thrusts and turning* moments of sejiarate elements of the blade, 
because we cannot say wdiat ctlect is produced on the factor iii» the e(jnati()n 
r=y>AF-^sinA wdien several blade elements are contiguous ti> each other. 
To find the effect of this change of condition, Mr AV. Fronde carried out a 
series of experiments in the Experimental Tfink at Tonpiay, and subsequently 
Mr K. E. Fronde carried out for the Admiralty in the Ilaslar ^I’ank another 
series of ('xperiments, wdth a view to obtaining a method of finding the ' 
efficiencies oj^ icrew propellers by means of model screws in conjunction with 
models of shijis. The latter investigation w'as divided into tw^o principal 
sections — (1 ) the efliciency of screws working by themselves in undisturbed 
water; and (2) the clmnge' in ■efficiency duetto bringing the screw^ into 
conjunction wdth the hull. These two diA^sions are termed “screw efficiency 
proper” and “hull efficiency” respectively. Ih’cviously, at Torquay and 
Haslar, a fairly complete and accurate determination (in mod(d sc^’cws) of 
the characteristics of performance which are common to all screws of 
ordinary pattern had been made, and some ideas were obtained of the 
variations of efficiencies due to alterations of design. The method of ex- 
perimenting was as follows: — The model screws on which the experiments* 
were made were each mounted on the forward end of a shaft, the beariifgs 
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of which were bracketed down from a frame above tlie water-level. The 
shaft was driven by a geari'd vertical spindle, the toj) beai’ing of which was 
in the above water-frame. This frame w^as mounted on a delicate parallel 
motion free only to move fore and aft wise. This motion, which consists of 
the forward thrust of the screw minus the resistance of the mechanism in 
the water, was measured automatically by njcording the extension of a spiral 
spring. The whole ay)paratus was mounted on a truck running on a straight 
and level railway which extended throughout the length of the experimental 
tank. Any speed could be assigned to the screw or truck. When twin 
screws were used, eac-h sca'ew had a. se})arato frame mounted in its position 
on the same ])arallcl motion. The resistances of the mechanism in itself 
and through the water were eliminated as far as possible from the recorded 
results. A somewhat similar truck running on the same railway was used 
for experimenting on the resistance of models, the model being for this 
purpose attached underneath it. Tly joining the two trucks the model may 
either be attached in its place or omitted, and the screw experiments made 
either behind the model or in undisturbed wabu*. The model can also be 
run with or without the screw behind it. Fig. 130 shows the screw truck. 

TIu; screw truck records for each screw the thrust, s[)eed, turning 
moment, and I’ovolutions per minute, and, when the experiments are made 
without the ship model in front, the screw efliciency is determinable. When 
the model is run alone, the amount of energy necessary to overconi^the 
resistance of the model at a certain speed is determinable. If wB|||||||k 
trucks be run with the screw in combination with the hull, the modpffifeffl^ 
in (I ) resistance of the model caused by the presence of the screw, and (2) in 
efliciency of screw caiised by the presence of the model, are determinable, 
^rhe first of these two has been called the “ aiigmentation of resistance, and 
is of necessitv a loss of cfticieney. The second is due to the fact that the 
screw' is working in water which has been (listurlx'd by the ])assago of the 
model through it, so that generally a less am<»unt of driving pow’or is 
required to maintain a given thrust at a given speed behind the model than 
in undistiii'bed water. “The cause of this reduction powor is the forward 
moti()n of the wake wjiter in which the screw is working, and the nett 
elliciency of the senwv in this disturbed water is practically identical with 
that trhirh (ru)ahl he jtrodaced by a mere uiuform fonrard current^ the forward 
speed of which, and the saving in driving ])ow'er due ^o which, may be 
measured.” 

Efficiency of Screw in Undisturbed Water.— To determine the 
screw' cflieicney in undisturbed water, a series of experiments upon any 
given screws is made, wntbout the model in front, at a constant speed of 
advance, but at a varying number of revolutions per minute, hranging from 
tliat wliicli gives almost no thrust to about double tlait number. These 
correspoud to from uo slip to 50 per cent. sli[>. The records of turning 
moment and thrust for one speed of advance can he Shown as in fig. 204. 

k'tlicicnc ^ ^ travel per rev. _ Thrust 

Turning moment x 27r 27r 

, T.M.x. — 7 — 

* travel per r(‘v. 

If wx‘ multiidy all turning-moment ordinates hy . — Nve 

travel ])cr rev. : 

g(?t a curve which may be called “turning force” measured at radius— . 
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bi^el por iLV. the ratio of thrust to this force gives th(i (‘(licieiicy 

l^TT * 

ordinate. The thrust and turning-force curves are slightly concave upwards, 
but do not beconio even approximately tangential to the base line. 'I’he 
ordinates of the efticiency curve must be zero where the thrust is zero, and, 
like the thrust curve, the eificicncy curve intersects the base at an angle. It 
rises steeply and uniformly as the rotary speed increases, somewhat suddenly 
reaching a maximuiL, from which it slowly falls oft’. It wdll lu' secui tlia^the 
point of actual maximum efticiei.cy is rather vague, and it follow’s that a given 
screw, advaiic’ng througli the water at a given speed, is almost ctpially 
efticient wuthin a some what large range of thrust values. 

Other diagrams (ian bo obtained for any other s])eed of advance requiivd, 
but this is nut nccessa ’y, as there is a theoretical huv of comparison for 
screw's similar to that fer models which expresses the relation betw'ccn such 
curves for diften'Ho spec Is of advance*, wdiich is tolerably coi’rect for the 
largest difterences of s})ecd, a.nd is practically accurate for snaill ditVerenccs. 



On a diagram for a, giv^n syieed of advance V take one value of R 
( — revs, per minute) giving a thrust T and a turning force F. ^ Suppose the 
speed of advanC/C be changed to V,. If the revolutions II be altered in the 

V 

same proportion as Ih'* spe^d has been and bec-omc K^ = R^,\ then the travel 

per revolution remains the same, so does the slip ratio, and so do the angles 
at which the dift’erent parts of the blade cut the water. Tnc speeds in the* 
dilFerent pa*'*^ of the streaui line system will all bo changed in the same ratio 
as the linear speed of advance, and the directions of all the forces acting on 
all parts of the blades, wdiether due to friction or to pressure, will be unaltered, 
and ilieir maf/nitnde imll ht (\ifcctly itroporf ional io the s<iiiare of the linear 
speed of advance, ^ 

Jn changing V into Yj the original thrust and turning force are each 


Qultiydied by , 


so that the efticicncy, which is thrust divided b ; turning^ 


force, remains unaltered at corresponding revolutions^ which are in the ratio 


Yi 

v* 


The travel per revolution and slin ratio are unaltered. 
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ill iistnitcH tliG relations between tlie diagrams severally expressing 
the performances of a given screw at different speeds. 

A, is th(i thrust curve, the turning-force curve, and bh.dd. the 
efficiency curve for a speed of advance of V,. To obtain the res])ective 
curves for a speed of advance Vg we must alter the abscissie scales of 
revolution directly as the speeds of advance, the ordinate scales of thrust and 
turning force directly as the scpiarc of the speed, while the ordinates of the 
cflieioncy curves will remain unaltered. 

Take any points B,, I)j on the thrust'Curve A, Ej .or a speed of advance 
of Vp and corresjamding points c,, d^ on the corresponding turning-force 
curve at certain rotary speeds. l\ike points at the “ corresponding revolu- 
tions ” to these in the thrust and turning-force curves of the other speed of 

advance that is, at revolutions 11,^2, as shown at U,, C.„ 1 )., and b,,, 

I ass tlnough the points Bj, J>o, etc., also 4^,, (‘tc., parabolas, with their 

origin at the /ei-o of revolutions, their ordinates varying as 

diHerent successive values. 

We can see from this construction that any number of additional thrust 
curves can be drawn for a series of values of the speed of advance. Any 
number of parabolas can be drawn .similar to B„ B.„ B3, etc., and the successive 
inters^adions of any one of these jiarabolas with tlie individual thrust curves 
will be points of corresponding revolutions per minute, and will have the 
sam(‘ travel jier revolution, the same .slip ratio, and tlie same eHiciency. 
Each parabola will have assigned to it its appropriate etticiency value, 
so that a sinr/le ejficienc}/ rurre in addilion to the (hrmt enrres and pam- 
is suffeient without any turning-force curves to enable us to show, 
for any given screw within the limits of pitch ratio 1-g to L>*2 its 
complete iierformances at any .speed whatever. What has been shown 
and proved above refers to one i)articidar screav. Wo can establish 

another law wdiich enables us to express the relations between the per- 
forimmceA of sivular screws of di.fWe^it ahsolute dimensions. This law is 
that “at the corresponding revolutions the efficiency is constant, the thrusts 
and turning forces being for a given linear speed proportional to the .square 
of the dimensions.’’ Hence, from one thrust and one efficiency curve 

for a given screw we can find the turning force, thrust, and efficiency of 
any similar screw of modified dimensions for all speecis of advance and 
revolution. 

Efficiency of Screw behind Ship Model.— We shall now show that 
there is a gain in th(’ efficiency of the screw when working behind a model 
in a wake which is travelling at a speed relatively to the surrounding water 
of V feet per ininutc. Tlie speed of the model through the water is V. 
Suppose that its .speed through the wake .water ip^^ which the screw acts 
to be so that the forward speed of the wake water relatively to the 
model is A^ — \ it follows th^t the screw will be working under the 

same conditions as when working in undisturbed w^ater at speed A^.. As the 
revolutions remain unchanged the thrust will be the same as in undisturbed 
Avater at A^p and so will the turning moment. The advanpe per revolution 
will he greater in the case of the screw working behind the model in the ratio 
of V to Vp and the turning force as a measure of efficiency will necessarily be 
lesii in the same ratio, and the efficiency of the screw working behind the 


’ ^'2 having 

\ Vi/ 
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the spued of the wake must be V - Vj, and tliat tlic (dheiency of the screw 
when workinj^ behind tlie model must be its efficiency in still water multiplied 

Ar 

by ; so that to find tlic speed of the wake wc have to get a comparison 
between the thrust curves given in still water and those taken behind the 


model. 

Character of Wake. — So far, in our consideration of the wake, we 
hav^ taken it as being a uniform homogeneous forwjird moving current, 
find, ill its resultant action, we may tfike^this as being correct, and infer 
from this that the turning moment behind the model will be the same as 
in still water, and that the turning force will therefore be less in the 
ratio that is to V. Now, from the comparison of records of turning 
moment made in conjunction with the hull and the records of the sfime in 
still water, it has been found that there is very little difference between 
them, and tluit, in fact, the turbulence of the wake tends to increase rather 
than diminish the efficiency of the screw, so that wc are justified in our 
assum])tion regarding the wake. Hence, what we have to do now in order 
to find the hull efficiency is to got (1) the resistances of the model with 
and without the screw, which gives us the loss by “augmentation” of resist- 
ance ; find (2) tlirusts of the screw with and without model, which give us 
the gain in efficiency due to wake. These two results give us the value 
of the elements “augmentation” and “wake,” which together form hull 
efficiency ; fiiiy other information reipiired for the total propulsive efficiency 
can be got from experiments with the screws alone. 

Fig. 20(3 given bidow is typical of all other such ; it shows the results 
for a comjilete set of experiments for ascertaining the augmentation and 
wake values for a single model with its screw at a constant speed V. The 
figure embodies the throe essential experiments — (1) model without screw, 
(2) model and screw together, (3) screw alone. 

As the experiment has been tried in order to find the augmentation and 
wake for a particular speed of model, it is imperative that the experiments 
involving the model should be made at that speed, but with the screw it is 
diflcrciit, as it is not necessary that it should bo run at any exact speed, 
but it is desirable that the speed of the screw should be sufficiently nearly 
equal lo V, to enable the thrust curve for speed Vj to bo inferred by the 
law giving the relations between the thrust curves of the same screw at 
different speeds. 

Results of Ship Model and Screw in Combination. — Let us look 
at a few of the features of the curves as shown in fig. 20G. ^J\ake first the 
results of the model and screw in combination. Here wc have a curve of 
thrust of screw, and a curve of resistance of model corresiiondirig., It will be 
seen that as the thrust increases so also does the augmented resistance, show- 
ing that the augmentation is not due to the position of the screw, but to the 
amount of thrust produced, the suction exortovl in front of the blades having 
as its reaction the sternward ejectment of water which produces the thrust. 
As the augmentation is distinctly a loss of thrust from the total thrust 
generated, it is better, instead of using “augmentation of resistance,” to 
use “thrust deduction,” as this term much more correctly expresses the state 
of afiiairs. 

amount of thrust deduction is not exactly proportional to the thrust, 
but may be supposed to consist of two terms, one proportional to the thrust 
and the other a constant, this constant being the value for the thrust 
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deduction when the thrust is zero, and is accounted for by the non-uniformity 
of the speed over any cross section of the water operated on by the sen'w. 

Consider now the thrust curves of the screw with and without model. 
J hese curves will coincide more or less closely ac(;ording as the speed of the 
experiments without the model (LI) approximates to Vj, i.e. the stieed of the 



model minus the spe'ed of llm wake. ^ When the curves coincide, it follows 

that U = V, and the wake factor of efficiency becomes If the curves do not 

coincide, we must then determine the value of Vj by calculation from the 
Known Li. Ihis is done as follows : — • 

In the thrust curve behind the model take a point A (fig, 30G) correspond- 
ing to revolutions K per minute ; through this point describe a parabola with 
Its origin at the zero of r, evolutions, and continued so as to cut the cunve of 


M9JOg^ JO V qsTiottx y jo JO 
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thrust without luodcl at the point B which corresponds to, say, Rj revolutions 

per minute. Then V. =- and the wake factor is We want the 

XJ JTt 

thrust at V, and the R witliout model. We can only get the thrust at 
corresponding revolutions, so the thrust at Vj without model and thrust at V 
with model at the same revolutions are required. Hence the corresponding 

vcloci tt.y to V at Rj is Vj at R, and the wake factor is ^ . Since the wake is 

’ 1 

caused by the passage of tlic model, there does not seem to be any reason why 
the wake should not be the same for all revolutions of the screw, or why the 
thrust curves witli and without the model should not cither coincide exactly, or 
if not at all, that the revolutions at any point i) should have the same jiroportion 
to the revolutions at tlie corresponding ])oint C as the revolutions at li have 
to the revolutions at A. This is, however, not the case, and the cause seems 
to he the non-uniform velocity of the water across an}’' cross section of wake. 
The values thus obtained for “ wake and “ thrust deduction ” may now be 
plotted at the correct positions relatively to the revolutions, and curves 
drawn. 

On tig. i5(){) an' alsr) shown curves of “turning force” of screw with and 
without model, ddiese are put on not because they are of any actual use in 
the determination of the ethciency (as sho\\n before), but because they act as 
a cheijk on our assumption that we may take the wake to be of uniform 
velocity throughout. For a method of obtaining tlie turning force, suppose 
V is not equal to F, then the first thing to be done is to infer from the tlirust 
and turning-force curves without model at speed U the turning forces corre- 
sponding in still water at a speed to the thrust recorded behind the model. 
We proceed thus: -At the revolutions for the point A in the thrust curve 
behind model we bnow the still-water efficiency for a speed V to be equal to 
the efficiency at tiu', point B in the thrust curve without the model at speed 
F. Hence the still-water turning forces will individually bear the same 
ratios to the thrusts A, C, E, etc., as the ordinates />, dyf, etc., of the turning 
force without the model do to the thrusts B, l>, E, etc. In this way 
w'e obtain the ordinates a, c, c, etc., forming a new curve ace of still- water 
turning force, which corresponds to the thrust behind the model, and the 
ratio of the ordinates of this curve to the ordinates of the actual curve of 
burning force behind the model should be equal to the vali.e of the wake 
factor as deduced from the curves of thrust. This does not always come 
3xact, by an amount varying from C) to '2 per cent., dim, hiost likely, to the 
3ause before stated. hYr further information on the subject of the inter- 
letion betwm'cn the ship and screwq the reader is referred to the paper by 
^V. J. Luke in the 7Vans. 1910. : 



CHAPTER XIX. 


PRACTICAL APPLICATION OF EXPERIMENTAL 
MODEL RESULTS. 

\Vk may now oonsidcr >vhat, if .iiiy, of tlio foregoinj^ wc can make use of 
in practical work. In considering tb-* .‘xpcrinuaits in connection with models, 
we arc concc Ticd only with the “hull cfiiciency,” or, as has been shown, with 
“ wake ” and “ thrust deduction ” factors of etlioiency, and we have seen that 
these latter (lifter somewhat at 'hftercnt parts of the curve, as shown in tig. 206. 
The diagram at the j/ouit wher(‘ the thrust curve with model intersects the 
curve of augmented resistance shows what the conditions would he if the 
model were self-propelled. At the higher values the conditions are 
examples of what would lie tlie case in a self propelled model against a head 
wind, or, say, towing another model. Now hjok more closely into the condi- 
tions of aftairson tlui ship under the first circumstances. W(' must remember 
that before applying the law of (comparison of resistances of ships and models 
we must take into account a skin coriTid ion which is due to the lessened 
friction on the wetted surface of the shij) as compared w itli the friction of the 
surface of the model. Hence this condition of thrust e(.[ual to augmented 
resist an(;e in the m<jdcl corresponds to the (amditiou of the ship with 
a very foul skin. For comparison with a ship in her condition of a clean 
shell we must use the thn^st eipial to the resistance as corrected for skin 
friction, but even this is not all, as the wake depends on the friction of the 
model in its passage through the whaler, and this friction is *'ery much more 
excessive in the case of models than w’th the actual ships, and it is only 
possible by anothei series of experiments to determine the laws of the effect 
of this variation in friction upcni the amount of wake, and also to what extent 
such variation affects the “thrust deduction.’’ Again, wc have to take into 
account^ similar correction to “skin correction” in models in the case of 
model screws. But assume that w^e arc able to supply all or nearly all these 
corrections, then the problem most commonly put before us is such a one as 
this: A design of (^vessel i»’ required to fulfil certain conditions. Experi- 
ments are thereupon made with models to (sietermine the form that is best 
suited to the particular requirements. * These results only give us the resist- 
ance of the model. But we can proceed to find the effect of any particular 
screw on the model, ie. we wish to try to find as nearly as j.ossible j^is 
propulsive efficiency. However, the value -of this factor will greatly depend 
on the design of the screw, which is not alwuiys known definitely when the 
models are being tried. So it happens that the experiments should determine 
the propulsive efficiencies of the designs with w^hatever screw may tujn out 
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to bo tlio luoyt suitable for each. They should also detcrniiiio the design of 
the most suitable screw. 

Now it is possible by moans of the treatment of the proposition, as 
indicated in these page's, and with the aid of a few general preliminary 
e\])criments, to obtain the desired information sulticiently closely for all 
practical pu)'})oses from a single set of experiments in connection with each 
model screw at one speed, and to tabulate the results as shown in fig. 206. 
AVhen it is said that one single set of experiments will give us all the data 
required, it is taken for granted that we are able by means of calculation 
alone to determine the etliciency of a screw of au}*^ given design, ])r()portions, 
and (Jimensions, etc., when maintaining a given thrust at a given linear speed 
of advance through the water. The ratio of pitch to diameter, the number 
and width of blades are the main features of a propeller on which the screw 
efficiency depends : and when we take into consideration that in practical work 
wc do not have to deal with screws of more than four blades, or less than two, 
and that the variation in range of pitch ratio and proportionate width of 
blades is not lai'ge, we see that it will not require a great number of experi- 
ments on screws to get sufficient knowledge for practical use. AVi' ought 
also to hav(' some idea of how the hull elficiency is affected by (1) variations 
in speed ; (2) the design and the position, relatively to the hull, of the screws, 
before we can make use of our data with confidence. The general conclusions 
of the investigations on hull efficiency are as follows :~- 

“(1) The variation of the elements of hull efficiency with variation in 
speed is generally slight, and so far regular in its character that 
in most cases experiments on a model at about the speed corre- 
sponding to the intended working speed of the ship will be 
sufficient for practical j)urposes. 

“ (2) Vai’iation of number of blades or pitch ratio of screw does not 
practically aflect the values of hull clViciency elements. 

“ (tl) On the other hand, variation of diameter of screw', or of its position in 
referencf' to the hull, does affect these values, and in a manner wdiich 
w'e have not thus far been able satisfactorily to reduce to rule.” 

Propulsive Efficiency. The manner of seeing about the determina- 
tion of the probable ])ropulsive efficiency for any intended design of hull is 
as follows. 

Suppose the diameter and position of screw to be fixed by circumstances 
connected with the design of the ship. One set of experiments must be 
made upon the model with any screw' of the correct diameter and in the 
correct position. Wc shall thus be able to determine the wake and thrust 
deduction factors which jointly form the hull efficiency, lly the aid of data 
on screw efficiency, the design of screw is selected wdiich will give with a 
maximum efficiency flic required thrust at a linear speed of advance equal to 
the intended speed of ship minus speed of wrke. This will be the most 
suitable design of screw, and the product of its still-water efficiency under 
these conditions into the wake and thrust deduction factors will give the 
total efficicnc}". 

, To investigate the other factor wdiich, with hull efficiency, forms the 
total factor of propulsive elficiency, namely, screw elficiency ; first let us 
make a sort of resume of our method of experiment and any assumptions 
we have made. Consider the case of a ship being propelled by a screw' 
at a speed V, the ship’s nett resistance at this speed is, say, P. Let the 
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screw be working with revolutions 11 per minute and delivering a thrust 
T ; this value of T is greater than V by the value of the thrust deduction. 
The power delivered to the screw which enables it to produce the thrust 
T is less than the l.Il.P. of the engines as recorded by the cards, by an 
amount which is absorbed in overcoming the friction in the cylinders, 
bearings, and shafts. This amount of loss may, at full speed, be taken as 
a constant of })ercentage of the total l.H.l\ As we are not to treat so 
much with the actual ehicicncy as with the differences in efliciency '‘paused 
by the variations of propellers #ind propelling conditions we may, to simplify 
matters, rcc\on that the power delivered to the screw is the I.II.P. as 
generated at the cylinders. The nett total cthciency is expressed as the 
product of the nett resistance P into the speed V, i.e. PV, or E.TI.P. 
divided by the total power consumed, Le. l.H.r\ Hence the T>ropulsive 
F H 1^ 

coefficient = • Consider now that the ship in front of the propeller has 

as an agent for producing wake ceased to exist, or, in other words, suppose 
we have a phantom sliij). This phantom sliip is to be capable of resisting 
the thrust as supplied by tlie screw ' at, on the other hand, it ])asses through 
the water w.tliout causing any disturbance. The speed V and revolutions 11 
of the scr(iw are supi)os(Ml to remain unaltered. Now, as we have seen earlier 
in this chapter, the th^'ust exi rH'd l)y the screw in the phantom ship will be 
less than T, supposing, of course, it to be working at revolutions U. We 
could by increasing the revolutions raise the thrust until it was of the same 
magnitude as in the real ship, but we could not then consider that the condi- 
tions were the same as exerted in propelling the actual ship. We have, 
howeviu’, another method of increasing the value of the thrust and at the 
same time keeping the revolutions per minute unaltered, namely, by decreasing 
the speed of the advance to some speed at which the screw exerts a thrust 
T at 11 revolutions. Thus we have the screw propelling tlie jihantom ship 
and working in undisturbed water at the spe(‘d Vp corresponding in its 
conditions of working to the same screw propelling the real ship at a speed V 
and exerting the same thrust at the same number of revolutions. If the 
wake operated on by the screw were of uniform forward speed throughout its 
section we should have no.reason to doubt that the T.ll.lk driving the screw 
and maintaining the thrust T in undisturbed water at a speed would not 
be the same as tlnu driving the screw and maintaining a thi' st T behind the 
actual ship at a s])ced V. From experiments it has been found that these 
thrusts do differ, but so little that we^ may treat the l.H.P. of the screw' 
propelling the phanfom ship and exerting a thrust T at R revolutions per 
ininnte at a speed V, as being identical with the l.ll.i . exerted by Uie 
same sci^w on the rctual ship w'orking at tin* same unmber of revolutions, 
bnt at a s})eed V. The clficiency of the screw driving our ])hantom ship may 
be deduced as follow's : The speed is V, and the resistance is equal to the 
thrust T, therefore Abe F.Ti*l\ of the phantom ship is TVj, whieh we will 
call T.H.Ik; so that the cthciency of the ^crew working under conditions 

* . . . T.H.P 

corresjionding to tliose of the same screw propelling the actual ship is • 

The efficicmjy of this screw' iu propcllinp^ the real ship* is “y p > therefore 


the coefficient of “hull ethcioncy ” is 


E.H.P.^T.H.P. _ KH.r. 
l.n.P. * TH.P.^' T.H.P.' 


Again 
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rv 


K.H.D. = PV, and T.JI.P. =TVp so hull efficiency = , which may l)e written 


1> y 

as X . This ^dves us the hull efficiency divided up into two factors, the 
^ ' 1 

]> V 

first of which represents the thrust deduction factor, and the other -- the 

wake factor. 

LStws of Comparison between Different Size Screws. -To deal 

more in detail with the effect of chaui^e of dimensions and of proportions 
in screws on the facitor of screw efficiency. A long series of experiments 



Vi K 

g'C 


Fm. 207. 

on model screws of diffei’cnt pitch ratios has lacn conducted, aiid the 
results are shown diagrammatically on fig. 207. This diagram, as will 
he seen later, can he })ut into what is ])crhaps a form more suitable for 
practical use. An explanation of fig. 207 rerpiii’cs some preliminary state- 
ments, which can be ]mt most conveniently in tl;.c fonu oj propositions. 

“(i) The ])erformancc of any^given screw advancing at any given speed 
through the water and turning at various numbers of revolutions per minute 
(i.c. working at various slip ratios) may be represented by a diagram such as 
fig 20tS, whore the abscissa; values are those of slip ratio, the ordinates of curve 
11 P the correspoiidihg thrust, and those of A A the corresponding efficiencies. 

“ (ii) With given slip ratio, the thrust of a given screw varies as the square 
of the; speed of advance through the water. 

“ (iii) With given slip ratio and given speed of advance, with given design 
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of screw and varying size, the thrust varies as the square of the dimension 
of the screw. 

“ (iv) With given sli]) ratio and given design of screw, the efficiency is 
unaffected f)y variations of speed or of size of screw. 

“ (v) Conseciueiitly a single diagram, sucli as that in fig. 208, will nipreseiit 
the performance of any number of screws of a given design, but of differing 
sizes, advancing at any different variety of speeds throngli the water, if the 
ordinates of the thrust curve are taken to represent, not thrust sinij)iy, but 


values of the expression where T= thrust, D = diameter of screw, and 

I- “ V i“ 

Vj ^ speed of advance through the water.” 

Thus we sec that a single diagram such as fig. 208 represents for any 
variety of conditions the performances of iiny number of screws of any size, 
but of uniform design. Tlie only differences of design with which we shall 
at first deal are in number, namely, (1) differences in number of blades, 
and (2) differences in pitch ratio within the limits of 1‘2 to 2*2. 



Kic. 208 . 


Effect of Number of Blades and Pitch Ratio on Efficiency.— 

VVbth reference to the differences in number of blades, it has been found 
from a series of experiments on model screws that the respective thrusts of 
screws of four, throe, and two blades, of the same diameter, of the same 
pitch ratio, with the same d.^sign of blade, and working at the same slip ratio, 
are ])roportional tc one another as the values 1, *805, *05. From these 
f'guros it will bo no^i-ed that with coriutant slip ratio tlic thrust per blade 
decreases somewhat with increase of number of blades; in ^he meantime we 
shall treat the efhci( lu-y as independent of the number of blades. Again, 
consider-^he effect of differences in pitch ratio. We have found from the 
experiments carried out on screws of various pitch ratios that if all the 
results arc brought together^ on a common base of slip ratio we should get 
a combined diagram Tsnch as hg. 209. H^, and Bg arc the thrust curves of 

a series of screws with successively increasing pitch ratios ; A^, A^, and Ag the 
corresponding efficiency curves. The relations between the several curves on 
such a diagram may be ])erhaps best explained by saying that tin individual 
thrust and tiie individual efficiency curvt^ are (approximately) replicas of 
each other on different abscissm scales, the differences in the abscissa scale of 
the thrust c\irvcs being greater than those for the efficiency curves. Tt 
should b(i particularly noticed that this statement implies that ther<? is 
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practically no difference in maximnm efficiency between screws of different 
pitch ratios - and one proof of this is that over so large a range of pitch 
ratios with which these experiments were conducted, viz. from 1-2 to 2’2, 
there is so little, if ind(;ed any, difference in maximum efficiency. We can 
therefore consider that, for practical purposes, the maximnm efficiency is 
unaffected by pitch ratio varying, at any rate, from 1*2 to 2*2. We have just 
seen that, so far as efficiency is concerned, no particular pitch ratio (within 
this range) is much to be preferred before another, and we know that in 
prai-tice eacih different class of ships requires ? different pitch ratio in order to 
suit the revolutions per minute to the l.H.P. of engines. Besides this, since 
in any given ship or class of ships the revolutions per minute may be regarded 
as ffxed, any variation in diameter necessitates an accompanying change in 
pi tell ratio. So, in calculating the dimensions of screws, we have to remember 
that th(‘ pitch and the diameter of the screw are so interdependent that it is 
impossilffe to determine the one without the otlun*. As a first stage in the 



determination of the most suitable dimensions for a screw, let us suppose all 
screws to have one and the same pilch ratio, and that for such au invariahle 
pitch ratio wc have a diagram, tig. 208, carefully prepared. The efficiency is 
then designated directly by the sb]) ratio, and each degree of slip ratio 


corresponds to a certain value of as indicated by the thrust curve; 

t’ en, to determine the diameter of screw to suit any given values of T and Vj, 

T 

all we have to do is to find the value for I) which gives value 


which corresponds to the slip ratio for maximum efficiency. Should this 
diameter not suit, on account of its impracticable or inconvenient size, we are 
able to judge from our curve of cfficicLicy by how much we arc warranted in 


T 

decreasing I), and so increasing ^^od slip ratio, without making an un- 

justifiable sacrifice ‘of efficiency. ,Now, if it were not tliat such a com})romise 
were often needed, or if it were that the curve of efficiency were more marked 
at the point of maximum efficiency, and thereby more strictly limited the 
rabge within which there is nearly equal efficiency, it would be sufficient if we 
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specified once and for all the slip ratio and the value of , oT 7~2 corre- 

spends to maxiiimm efficiency. But what we have to do is really just to keep 
in mind the form of the efficiency curve, and to have means of finding the 
position on its abscissic scale which is appropriate to any proposed dimensions 
of screw and values of thrust and speed. This position in the abscissic scale 
of the efficiency curve is really a mark of the standing of the screw with 
reference to efficiency ; and in our hypothetical case of invariable pitch lUtio 
the criterion of this abscissa' position is given by the value of the slip ratio, or 
T 

by the value of is obvious irom a consideration of Hg. ‘209 that 

D-V p 

neither of these characteristics will be of use as a common criterion of 


abscissae value position in reference to the efficiency curve for screws of 
different pitch rjitios, nor have we any other natural characteristic which 
would serve tin i purpose. In consequence, then, of this state of affairs, we 
can do nothing but introduce an artificial one, and this has been done by 



Vui. 210. 


empirically modifying the several abscissec scales of the diagram for the 
successive pitch ratio-^ of screw, as in fig. 209, so as to bring’ these several 
efficiency curves into coincidence, as shown in fig. 210. 

Method of Plotting Model Screw Results. — The reading on the 
arbitrary abscissie scak which the cu/ves are plotted, which shows for 
screws of different pitiih ratios the position relatively to tin abscisste scale 
of the efficiency curve, is called the abscissa^ value. The dotted lines' 
indicate dc?^rees of slip ratio. The function of these curves is to specify the 
slip ratio propel to the points at which they intersect the thrust curves 
for the several pitch ratio yalnqs, and they thus enable the revolutions per 
minute proper to these points of intersection tc#be determined for any given 
diameter and speed of advance of screw. Now suppose we have a diagram 
such as fig. 210, that this diagram has been obtained wdth sufficient care and 
accuracy, and tliat it includes curves of sufficiently close gradations m pitch, 
ratio, then we see that from this diagram we..can obtain all* the information 
necessary to determine for any given diameter, pitch ratio (inside the experi- 
mental limitations) and values of T and Vj, the abscissa value, and also the 
number of revolutions at which the screw would work. We should thus be 


VOL. II. 
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able to select the dimensions of screw for inaximuin efficiency for any given 
values of and T, and also revolutions per minute, and at the same time wc 
should be enabled to form an opinion as to what extent these dimensions might 
be altered with impunitj" to suit the peculiar needs of the case. Such a 
diagram is shown in fig. *J07. We shall now go more into detail regarding the 
manner in which the experimental results have been put into the form of fig. 
207, and also to what extent this diagram requires to be corrected for application 
to f;dl-sizcd screws for propelling actual ships. The model screws on which 
the experiments were carried out w^ere all of uniform diameter, viz. 0*68 feet, 
and of four different pitch ratios, namely, 1'225, 1*4, 1-8, and 2*2. In order to 
satisfactorily interpolate results for closer gradations of ])itch ratio than those 
obtained from the given screws, and to ensure that in the diagrams the results 
should be given with sufficient accuracy and also to show the nature of the 
differences caused by tlie variation of j)itch ratio, the minor inaccuracies and 
irregularities due to experimental error had to be faired in This was done 
during the reduction of the data into the diagram fig. 207 as follow’s : “ An 
analysis of the results showed (a) that the relations between the thrust curves 
of the several screu’s could l)e expressed empii-ically, within the limits of error 
of the results, by the propositions that with given slip ratio the thrust 

^or value of varies as the reciprocal of the pitch ratio tnimta a constant, 

the value of this constant being 0*17. (This, although it held good empirically 
throughout the raii^c of variation of pitch ratio (J-22o to 2'2), could not, 
obviously, hold good for unlimited range.) It also showed (b) that the thrust 

(or value of - - 

V 1) 


^ ^ for constant efficiency might be taken to vary inversely 

as the power O'S of the pitch ratio.” So, piitting (o) and f/v) in the form of 
equations, we have for constant slip ratio 


(<0 


r 

l)W.^ 


(/>) for constant efficiency r-;,..- 


Diameter 
Ditch 
I >ianieter'' 
Ditch / 


•17 


“Thrust curves for the several screws were then drawn so as to most 
nearly agree wuth the actual results of experiment cojhsistent with ]>roposition 
(a), and, by means of the same proposition, thrust curves were deduced from 
these for intermediate gradations of pitch ratio, as well as for other gradations 
extending somewhat beyond the ’limits of 1-225 and 2-2 covered by experi- 
ment.” The abscissa scales were then so modified that the ordinates of the 
several thrust curves at any common abscissa value should be proportioned 
as by proposition (^j). In doing this the abscissa scale of one of ''the curves, 
viz. that for 2*2 pitch ratio, remained unchanged ; hence for this pitch ratio 
abscissa value is exactly proportional to slip ^ratio. The thrust curves were 
then plotted with such an ordwiate scale as to show, not actual thrust for the 


experimental diameter and speed, but values of 




where T = thrust in 


• tons, D = diameter in units of 10 feet, and Vj = speed in units of 10 knots ; 
hence the curve may be considered as showing absolute thrust for a screw of 
unit diaraelier of 10 feet at a unit speed of 10 knots. The screws wore four- 
bladed, but the data can be corrected to two- or three-bladed screws by the 
propositions before mentioned. 
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The revolutions per minute corresponding to each of the curves were 
calculated for a unit diameter of 10 feet and a unit speed of 10 knots, and 
were plotted as ordinates at the abscissa values of the respective intersections. 
Hence curves were obtained showing for varying pitch ratio, revolutions per 
minute for varying abscissa values. But as with constant pitch ratio and 
Constant slip ratio revolutions vary directly as speed, and inversely as the 
diameter, tlie ordinates obtained as above can be considered as showing values 

of , where H = revolutions per minute, 1) =- diameter in tens of feet, and 

' 1 

^ speed in tens of knots. 

Relation between Model Results and Full-Sized Screws.— 

We must next consider the manner (if any) in which the results will be 
afiected by a change from model to full-si/cd screws. Although the diagrams 
are stated in such a way as to make them applicable to screws of any size and 
travelling at ar^ '■’pecd, yet these curves were obtained from the results of 
experiments on screws of 68 feet diameter, travelling at 206 feet per minute ; 
but by virtue of the five propositions before enunciated, these results are 
applicable to screws of any size, tr.vveihiig at any speed. These propositions 
are based on tiie assinnptiou that the skin-friction resistance of the screw 
blades varies directly as the area of the surface and as the scpiare of the speed. 
In view of the probable ixiaccuracy of this, it is obvious that these diagrams 
need a correction for full-sized screws which is analogous to the skin correction, 
and which is introdu(;ed into the comparison of the resistances of a ship and 
her model. Begardi ng the accurate determination of the amount of this 
correction, we have so far no satisfactory method. Now suj)posing this diagram 
to bo correct for full-sized screws, it seems to determine the best diameter of 
screw for given values of T and of V^, but in the actual case we generally 
have to determine the most suitable dimensions, having given, not T or Vj, but 
the resistance (or K.IT.P.) and speed V. Now, from experiments on “hull 
efficiency,” we know the vahu* of the “thrust deduction'’ and “wake” factors 
for many forms of liull, and we can fairly correctly infer from a model of 
similar form to the one presented to us the correct values of these factors for 
this particular case. Henc.e we can generally convert the values of resistance 
and of speed V for any given ship into values of T and V, if we assume that 
the “thrust deduction ” and “ wake ” factors are identical in ship and model. 
There is some foundation for the belief that both those factors will be some- 
what less in the actual shij) than in the model, by reason of the relativelv 
lessen od surface friction of the former. TJiis, it will be seen, brings in an 
element of uncertainty. 

We are here called on to consider two principal sources of inaccuracy, 
namely, (1)^ the inaccuracy of the diagram itself as applied to full-sized 
screws ; (2) the erroi* in the estimate of the values of T and Vj for a full-sized 
ship, by which the diagram has to be applied to each individual case. Now 
if wo follow the reasoniiig of ‘the late Mr W. Froude’s paper of 1878 “On the 
Elementary Relation between Pitch, Slip, ai^ I*ropulsive Efficiency,” W. Fronde, 
Trans. 1878, given in Chapter XVII , we see that we have liere two con- 

tending factors (since the diagram is based on model experiments), he one 
tending to overestimate the abscissa value, the other tending 4o underestimate 
it. So, in the use of this diagram for the purpose of determining how a ship’s 
screw stands in regard to efficiency as shown by the position in the abscissse 
scale, these two factors tend to counteract each other. In a very similar way < 
we have the factors tending to neutralise each other if we use the diagram 
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for finding the correct rotary speed of screw, Tims we see that we liave to 
deal with conflicting errors, either of which, if taken separately, would be 
important, but if taken together the difference caused in the result may be 
almost, if not (piite, neglected, and it is thus possible to use the diagram for 
full-sized ships. As a test of the correctness of this statement, a comparison 
has been made between the revolutions per minute recorded in the steam 
trials of various ships of which models had been made and the revolutions per 
minute assigned to these ships by the diagram at the recorded speeds, with 
the recorded dimensions of screw, and it has been found that the revolutions 
as obtaiiKul from the diagram exceeded the revolutions (trial trip) of twin 
screws, and underestimated the revolutions of single screws (trial tri])) by 
about 2 or per cent. 

Til a similar manner, tests have been made on the theoretical efficiency 
as compared with clliciency shown from trial data. These show the character 
of the curve to be correct, but there seems to be some factor governing the 
elficicncy whiedi has not been taken into account. 

Thus, to summarise, we can rely on (1) the model screw elliciency curve, 
as sufficiently correct in character ; (2) the abscissa values calculated for 
screws of full-sized ships from fig. 207 in the manner shown, as sufficiently 
correct relatively to one another, but (3) perhaps erroneous by some uncer- 
tain amount relatively to the true efficiency curve. 

Relation between Dimensions and Efficiency.— We have then to 
find the information needed to answer --(1) what size of screw may be 
chosen if elliciency is the only consideration ; and (2) how much may the 
size so chosen be a,ltered if rccjuired by circumstances. Now, when we 
look at the character of the efficiency curve and the comparatively large 
range of abscissa value within which the maximum enici(;ncy is practically 
constant, and although it is not possible to fix the point of maximum 
efficiency absolufely, we see that we get an answer to our first (piestion 
pretty simply. All that we really require is to fix on an abscissa value which 
will gnvo us a performance not sensibly less than the maximum possible, 
and this we can (piite readily do. Ih’obably any value between S‘() and 11*0 
would suit, but, for canivenieiice in mani])ulating the data, we should adopt 
one particular standard value, and the value which has been chosen as being 
the most suitable is 9*0. With regard to the amount of liberty we can take 
in altering the diameter of the screw which is proper to an abscissa value of 
9 0, we would ro(jnire to know when to stop reducing ffie diameter, as there 
is a certain point licyond whicl^we cannot go witlamt a great sacrifice in 
efficiency. XTnfortunately we cannot say with anything approaching confi- 
. dencc' where this point is. Now, with reference to the form in which the 
information in fig. 207 lias been reduced so as to be more cqiivenient for 
handling, the data will be used for the purposci of enabling us to choose the 
dimensions of pro])ellers most suitable for any given design of ship. We 
must know, before we can do anything, the {‘jpeed at <vhich the vessel is to be 
run, and the T.H.P. nece.s.saf-y to ^,be produced. Tn order to develop this 
l.M.P. with most advantage, the dilTerent types of engines require to run 
at certain numbers of revolutions per minute ; hence we can suppose that 
the revolutions .per minute are also fixed. We may therefore consider that 
the speed l.H.?. and revolutions per minute form the basis upon which we 
work. Then we first of all find the size of screw' which, for these values of 
• speed, etc., w'ill give an abscissa value of 9*0, and then, should such dimensions 
ulK conform to practical use, we have to deterntune what change of abscissa 
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value would accoiupany a cliange of diameter, and what corresponding change 
we would recpiiro to make in* the pitch ratio in order to retain the revolutions 
per minute unaltered. For this purpose we do not recpiire a diagram such as 




^ ^ 

\\A 




i \ 




Sj «o 


■§ • 

^ 



\ 


W' 


i\L 



fig. 207, but one which will show (1) dimensions of screw for an abscissa value 
of 9*0, and (2) the alterations of diameter and pitch ratio which are entailed 
by a change of abscissa value from 9*0 to any other. Such a diagram is* 
shown in fiir. 211. 
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Ill dcicriiiiniiig the diiiieiisions of screw for an abscissa value of 9'0 
{{.c. constant abscissa value), let us first suppose we are dealing with constant 
pitch ratio also, whence wc have constant slip ratio. 

Tcxzonv 

and TVj(orT.Jr.r.)oc Dn^. 

,We may take the hull efficiency as a constant of value equal to unity 
(since the product of the “ wake” and “thrust deduction ” factors varies little 
from unity). 

So T.H.P. 


then I’x l.H.P.oc 

X(»w, snj<’c {)itch ratio and slip ratio arc supposed constant, 
revs, per nun. j) 


Again, assume revolutions per minute as constant, 
then VjOcJ). 

Px l.H.P.oc D’oe V,'. 


Now let 


then 


, - 1 + <i)(o) - increase of over Vj), 



and so, if we assume certain constant values for P (the propulsive coefficient) 
and 1 +(o (the wake factor), 


the values 


IHl^l 
' V 


and 


D 

IHPI 


are constant. 


The ordinAtes of the curves in fig. 211 show the value of two constants 
(hi and 0„ which are such that 



where 11 = tens of revolutions per minute, 

I ^l.li.P. (for each set in twin screws), 

I) = diameter of screw in feet* 

^ = speed of ship in tens of knots, 

% = multiplier for wake correction. 

Now, as regards values of W, the value of J -f- oj (the wake factor) depends 
mainly upon the form of hull and the position of the screws in reference 
to tjie hull. Curves in fig. 211 are plotted for iissumed standard values of 
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p = 0’5 and (1 + w) = So that ^ where V = speed of ship and Vj =* 

u'y Vj 9 

speed of advance of screw through wake, hence Or and 0^, are expressed in 
terms of ^ wliere J ^ ^ ^ ^ or W = V. 

Now let and “f,*” represent the ordinates of curves of thrust and 
revolutions per minute in fig. 207, and put “ “v,” “r,’^ and “rf” V> re- 

present thrust, speed, rcvolutlo: s per minute, and diameter in the units of 
fig. 207 : sincj we have assumed a propulsive coefficient of *5 we have 

I = 2xP:.H.?. 

- 2 X 68*78<.'«. 

and ^ ^ ; also R = and 1) = 10(7. 

V V ai lU 



SccUe of aJbscissa value. 
Fio. 212. 


Hence 


and 


n _ X (137*56 ^v)^ 

/lO V' 

= -90l"*x^ 

V av 

, = 901c Jl. 

10. x(^.)- 


Op — 


(i;i7-56«v)* 


• == -999x5^ = '?^, 


which shows how fig. 211 is deduced from fig, 207. 

Now from fig. 211 we wish to determine the most suitable diameter aiicl 
pitch for a given I.H.V,, revolutions per mkiute and speeS of ship. First of 
all obtain the value for Or given by the specified conditions, then by means 
of the constri.ction shown by dotted lines in fig. 211a series of corresponding 
value of Oi, are got for a series of abscissa values within a convenient mnge 
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These values of O^,, taken in conjunction with the pitch ratio values of the 
vertical dotted lines, give a series of values of diameter and pitch which are 
then plotted to a base of abscissa values as shown in fig. 212. By using 
this diagram, sizes can be easily selected with due regard to limitations 
imposed by space, and of abscissa and pitch ratio values as affecting 
efficiency. 

Effect of Number of Blades on Dimensions. The diagram, fig. 211, 
is tV/i' four-bladed screws, but it can be used for two- or three-bladed pro- 
pellers by first dividing the given l.H.P. by O'GtO or 0'8G5 respectively, but 
it is more simple and almost as accurate to first work out fig. 212 for four- 
bladed propellers, and thence obtain similar curves for two- or three-bladed 
screws by multiplying all the diameter ordinates by I’lG or 1 05 and the 
pitch ordinates by *985 or *995. 1'he left-hand part of fig. 211 shows 
exactly the same data as the right-hand side, but arc only t)lf)tted differently. 
This second form is sometimes more handy to use when the problem is given 
differently from that supposed. 



CHAPTER XX. 

THE RELATION BETWEEN TYPE, AREA, DIMEN- 
SIONS, AND EFFICIENCY OF SCREW PRO 
PEELERS. 

Mh K. I'i. Fhohde gave to the lustit’vjon of Naval Architects in 1908 the 
results of fur^ lier experiments on screws enabling the ell'ects of variation in 
form and pitch ratio to be determined. It has been already shown that 
results for [irojicllers of the san e design as that experimented upon can lie 
obtained from one sUuidardised diagram. This comparatively simple form of 
recording results was based on the observed result that the efficiency curve 
Wcis the same for vpriation of pitch ratio of I *2 to 2'2. The development of 
engine design involved increase of revolution to such an extent that much 
smaller propellers had to be used. To ensure sufficient thrust, these pro- 
pellers had to be made of small pitch ratios and large relative surface. Tliis 
necessitated designs very dilVcrcnt from those upon which model experiments 
bad been made, and involved pitch ratios much below the ratio 1*2. 

Scope of HxperinientS. — To find the efiect of variation in design 
and to test the truth of the assumption of a practically common efficiency 
cur\c for those lower pitch ratios, propeller models of three and four 
blades of elliptical shape and varying blade area were tried. Others of 
three blades, but of shapes li/iving wide tips, were also experimented with ; the 
developed outlines of the propellers are shown in fig. 213. riiesc results 
covered the range of ^atio of developed to disc area from *30 ^o and of pitch 
ratio from *8 to 1*5. The model propellers tried were all *8 foot in diameter, 
and the immersion to the centre of the shaft was uniformly *8 of the diameter, 
i.a. T)4 of a foot ; tho» speed of advance {ft which the model propellers were 
tried was 300 feet pci* minute, and they were run “ in the Oiieii,” with no ship^ 
model preceding them ; consequently the slip is “real,” and not “apparent.” 

Metfiod of Recording Results.- -The imroduction of the variants 
of blade shape and area and pitch ratio necessarily added to the com- 
plexity of the basis pf recorcling the results. To obviate this as much 
as possible, Mr Froude invented a method ^.if simplifying the results by 
the introduction of a formula giving flie relation of thrust to revolutions 
per minute for a screw of any diameter and pitch. This formula is one 
for horse-jjower in terms of diameter of propeller and pther particulars^ 
based on the simple formula T = uR- - •where T is the thrust, R is the 
number of revolutions per minute, a is a coefficient depending on the 
dimensions, etc., of the screw, and h is a coefficient depending on the spee^ 
and pitch. By taking R^ for zero thrust, h can be eliminated, being qqual 
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V 

to there being no slip. R, the pitcli, wit’ equal , where V is the 

ho 

speed of advance (;orresponding to zero thrust : the general equation then 
becomes 

T = a]l^ - rf — «R2S where S = slij) ratio. 


ssuming the coefficient a to have been correctly obtained for a screw of 
specific design and unit diameter, and remembering that the thrust per unit 



0 1 >2 3 -4 

1 . l 1 A 1 I 

Sc/ile of Decimals of a foot 
Fio. 213. 


area varies as the square of the diameter, as docs also the area, the equation 
for all diameters of propellers becomes 

T=aD4R2S. 

This can be written in an altered f»jrm independent of by substituting for 

V- V P 

R2 its value derived from (1-8)=^ - and p-- (P being 

7;“1)“(1-8)" KP D 

the actual pitch and ;> tlic pitch ratio) when the equation becoines 

‘ q’ — ® r)2V2 

;v 

The two principal elements governing the value of a for any difference in 
l)ropeller design are (1) pitch ratio, and (2) type and blade- width proportions, 
{t was found that these two were independent of one another, and that as 


regards (1) a is proportionate t6 + 21). From tliis it follows 


lip 'll) 


^ * Blade-width ratio is the ratio the width of the ex'paiided blade at half the radius of 
the tjps to the radius of tips. 




Curves of effu 
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is constant fur varying pitch ratios. This expression was called blade factor 
B, whence a + 21). 

Values of B, as obtained from experiments and dependent on these variants, 
are given hero m fig. 214. 

The thrust values obtained from all available experiments were compared 
with the T'esults given by the formula, and it was found that the formula 
recjuired correction by multiplying the right-hand side by i-02(l - -OS 8.) 



Making tins correction, and substituting for rf its value 4- 21 ), the 
final thrust formula becomes 

T = l)2V2 X ) X 

\ pJ (1-»S)- 

This may be written 

‘ = p(V-^?}\ 1'02S(1-;08S) 

Converting this to units of thrust horse-power (J4) and speed in knots, from 
thrust, ill iiiid speed in hundreds of feet per minwte, the expression becomes 


Scale ofSUpratic 
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H 

[y^v^ 


P 

BO> + 21) 


•0032162 


S(l - -OSS) 
(I-S)-’ ■ 


To facilitate the use of this expression, curves of 


H 


J' = -OO.-ii' 1 


■' i)2V3 no- + 21) (i-s)’- 

wm-' const riioted and are here reproduced in terms of . 1 = ^ 


(I-S) 

(tig. 2 I 0 ). All alternative to the use of the loregoing formula is the series 

of curves of in terms of (\ where (j^^= ^ 

Bv’ 


'7/ 


and 


H 




In these latter the (\ value (;an he calculated for any conditions of V, K, B, 
and H, and the value of read from the curves, whence D can be determiiu'd r 
the etlicienci(‘s lielongmg to each curve are set otf on the same diagi'am and 
can be read oil’. 

These ethciency curves are correct for the 3-bladed ellijitical type of 
propeller having a disc area ratio of *-15. It should be noted that this disc 
area ratio inclmh's the ellipse to tlie centre ol‘ the shaft in these model 
propellers * when reducing to actual ship figures a reduction of 20 per cent, 
should be made. To corri’ct the ethciciicy curves for the other propellers a 
uniform etticieiiey deduction of '02 must be made in the case of the 3-bladed 
wide-tip ones, and a similar reduction of ■0125 for the 4-bladed elliptical 
ones : also a deduction as indicated by the curves in tig. 21-1 de]>endent on the 
disc area ratio and pitch ratio. 

The pitch B has throiigliout been taken as e(pial to the travel per revolu- 
tion for z(U’o thrust, and j> and S corresponding, (^^mparison of trial results 
have led to the conclnsioii that the pitch or pitch ratio figures used in or 
obtained from tl)ese ealeiilations should be taken as 1 ’02 times tli(‘ driving- 
face pit(.‘li for St ip. 

For a (jomplete nnderstandiiig of the reasons wliieh have; l(*fl to the 
adoption of this method, the reader is referred to iMr P^roude’s papei’, “ llesults 
of fiiilher Screw Propeller Fxperimonts,’’ but for the practie-al applicatioii of 
the results the study of a foAV examples will sutliee. 1 hes(‘ have })cen worked 
out in a later chapter See Chapter XXIV. 



CHAPTER XXL 


fAYLOR’S EXPERIMENTS ON THE DETERMINATION 
OF DIMENSIONS FOR SCREW PROPELLERS. 


Taylor’s 1904 Paper.— Other lesults of a recent investigation of the 
)Owcrs and etiicicncies of propeller's arc these given to the American Inst, of 
!^.A. 1901 by Constructor Taylor, li these experiments there has been a 
, variation boi i in blade aree an^l in pitch, while, as we have seen i!i the 
oregoing pages, J^'roude had practically only one variable, namely, the pitch. 
The chief object of these expeviments was the determination of the power 
ind efticieney of m » screw of the common th'ree-bladed type throughout 
die range oi pitch ratio and blade area lihcly to occur in practice, but. in 
/iow of the increased rotary s[)eed of proiiellers on turbine-driven vessels, 
die ])itch ratio vari.itlon has been extended to the unusually low valu(‘ of 
3‘4. Tlic series of experiments comprised thirty projiellers. They were all 
IG" in diaiactcr, three-bladcd, of uniform pitch, diameter of boss 3^', with a 
bhickness of blade at the centre of tip. There were six 

pitch ratios used, namely, *4, *0, *8, 1*0, 1*2, and I'h, and for each pitch five 
widths of blade ^^ere usecl : the mean width ratios, total blade area, and blade 
irea as a fraction of the disc area are shown in the table below. The blades 
were approximately ellipticuil in shape (see fig. 217). The driving face's of the 
screws were trued up in a special machine, the backs of the blades were 
finished by hand, and both back and driving faces were, befewe experiment, 
carefully smoothed witli emery cloth. The apparatus used was very similar 
in principle to that used by Fronde, only that Taylor could *eall to his aid 
many scientific devices which were not in existence about twent}" years ago 
The method of getti’^g tire recorded data reduced to diagrams will be treated 
below. The results were biired by ^toss curves, and if not satisfactory the par- 
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ticular screw was re-tested. As to the method of conducting the experiments, 
the general rule was, after calibrating the apparatus, to put the propeller in 
place and make a run at a speed of advance of 4 knots. The necessary 
number of revolutions of screw to give a negative slip of about 5 per cent, 
was known from previously prepart^l diagrams, and so the carriage was put in 
motion at the desired speed and the requisite number of revolutions per 
minute obtained by adjusting the rheostats. The pens and revolution 
counters w(ue then tlirown into gear and the run commenced. On the coniple- 
ti(in of the run it was ([uite easy to see from-* the number of revolutions from 
point to point if the desired slij) had been obtained. If so, then the next 
run was started at the same speed of advance, but with the propeller revolving 
at a number of revolutions corresponding to a ])ositivo slip of, say, 2 per cent, 
or 3 ])er taait. 3die runs were continued until a slip of jibout 40 per cent, 
was obtained. Tlie zeros were then checked, the resistance of the shaft 
itself to moving forward through the water at a^Kpeed of 4 knots and 5 knots 
was determined. The })ropeller was then replaced and a similar series of 
runs at b Knots was commenced. Similar experiments were carried out at 
speeds of advance of G and 7 knots. 

Method of Recording Results.— In reducing the records obtained 
from the experimental a})p{iratus to diagrams the ])rocedu]’e followed is 
shortly outlined below. 

From the records the numbt'r of revolutions over the last 01 |■(‘ct of run is 
obtained. (Vll this number p. The time occupied by the truck in passing 
ovei‘ tliis 01 feet is also given on the records. Let it be / seconds. Then 

from the average value of / the speed of advance is give]i by Y 

t 

The values of torque ])roper are now obtained from the deHcctions of the 
torque pen, and these values of T (say) are entered opposite to the values of 7 
and p according to the number of the run. The value of the final thrust (1*) 
is now obtained from the value of the thrust given on the record plus the head 
end pressure on the propeller shaft, which is overcome by the pro])eller before 
any thrust can be recorded, (hirves of T aiul P at difterent speeds are then 
plotted to a base of p. k'or the same value of pitch each value of p corre- 
sponds to a c^u’tain sli[). V and T are taken off on even Nalues of slip at 

intervals, say, of 5 j^i.c. on the range covered. These results of T and P in 
lbs. arc plotted" (Ui two separate sheets to abscissje of the constant speeds of 
the experiments. These faired values of P and T at 5 knots speed were, for 
the aboAm slijis, tabulated for the calculation of cfficirnoj and the value of a 
coefficient S which Taylor has introduced, and AvhicK he calls the power 

coefficient, and it is such that if U denote the horse-power absorbed by the 

propeller, I) denote the diameter of tlie propeller in feet, n the juimber of 
blades, and V denote the speed of advance of the propeller in knots, then 


G =: •003127^SDnI3. 

This is obtained from the following considerations : — 

At a constant speed of advance, say fix^e knots, if U = the useful work and 
G the power absorVied by propeller, 


^ = E, the efficiency. 



efficiency 


tayIor’s 
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Fi( ‘J17. Pro]Kill*M Lx|>eriments. Shape of Taylor’s Blades, 
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sup per Cent 

Fio. 218. — Model rrojiellei^E.xperiments. 

2 Blades. ‘2 Width ratio. 

“ E/' Efficiency curves for constant pitch ratio. 

“ S,” Power coefficient curves for constant pitch ratio. 
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are cliaracteristics of tlic bljwle depending on the diainetor ratio, tlio propor- 
tions and the shape of the oljide, and ii is the niiniber of blades. 

Now j being in knots ; 

( * “ ‘‘‘7 


so tlait if we put 
we have ]>y substitution 


S 


a.sX + /’Z 


(i--003ij.w.sr)2v-' . 


and U -E(;=- 00312.h:.7i.Sl)2V^ 


( 2 ) 

( 3 ) 




* *5iip per Cent 

Fig. 220. — Model l‘ro|)eller l^periiiieuls. 

3 lllades. *27.0 Widtli ratio. 

“ E,” Curves of etticieiiey foi constant pitch ratio. 

“ S,” I’owei* coefticient curves lor eon.staiit pitcli rati«. 


S for a given propeller depends only upon the slip, so that a curve of (t’s of a 
given propeller plotted to a J>ase of slip will give u.s a curve of S’s. 
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Heiiuc for a given pro])ello»\Ne can plot values of S when either I’ or T and 1'^ 
are known. If therefore S and K are known and plotted for a given propeller, 
wc have its eharaeteristies complete, and can apply tin; formula (*J) to find 
the power expended in a larger propeller at other spevds and revolutions by 
the methods formerly explained. The efhciency of the model propeller at the 
corresponding revolutions or .at the same slip per cent, will enable us to 
determine the power r.tilised. 

Similar experinnaits were subsequently carried out cm four-bl;tded, 



3lip per Cent 

Fid. 222. -Model Piojieller FiXperimonts. 

-1 Dlades. *1 25 Width ratio. 

“ E,” Efhcieiiuy curves for constant {)itch ratio. 

S,” Power coetneient curves for constant pitcli ratio. 

six-bladed, and two-bladed prox)ellers. The cxiierimcnts m'* the six-bladed 
and t>vO'bladed propellers were not s'» extensive as those (»n the three- 


! 

j Correspo’ din^ ratio. 


' Fi^io nuinbci’. 

Number Bladcs.j 

i 

JMeaii width latio! 

T<jtal developed area j 

of Blade. 

Disc area 

1 

j 218 

• ! 

• 2 

-200 . 

'214 


! 

• 


1 219 

3 

•200 

•322 

j 220 

3 

'275 

'442 j 

i 221 

3 

•350 

•563 

• 1 

1 222 

4 

i '125 • 

•268 

223 

4 

1 '200 

'429 

1 224 


'275 1 

'590 
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l)ladcd atid foiir-hladed. Tlu‘ kIimjics of blades were tried ar(' shown 
in fi^. '217. 

Results obtained.— 1^10 curves in figs. 2J8 to 224 ha\e been selected 
ironi tile results of the above expcrinients on two-, three-, and four-bladed 
])rojjcllers. They have been grouped together as follows : — 

Jn each ol the above figures which fix ninnber and shape of blades, 
according to the preceding table, we have the S and the K curves for six 
difi'c.ent pitch I'atios plotted on a base of slip per cent. 

The ])itch ratios chosen in each case' were *1, •(), *8, 1*0, 1 2, 1*5 
respectively. 

It will be seen that the field of exploration is fairly complete. Numbers, 



Fio. 2*23. -Model Propoller Experiuients. 

1 Blades. *2 tVidlli ratio. 

“ E,” Efficiency curves for constant pitch ratio. 

“ S,” Power coefficient curves for constant pitch ratio. 

areas, shapes, and pitch ratios have been varied over an extent sufficient for 
all practical purix)ses. The wide range of the experiments eniblcd the 
investigators to conclude “that within working limits the propeller forces 
vary as the s^piarc of tip* speed of ad\ance,'’ that is, what we have called speed 
of ship. Tt was only necessary, therefore, tO give results at one speed of 
advance, viz. five knots. The J^owcr/ibsorbed in tui*ning a propeller having 
71 blades of any diameter D at a speed of advance V can be got from the 
formula (2), 

(l-*00312?t.8]>"'V3 

S being obtained from the curve for the particular type of propeller whose 
area ratio, pitch ratio, and revolutions or slip ratio are known. The corre- 
sponjling value of hi, the efiicicncy, can be read off from the curves, and the 
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value of the useful power IJ developed by the thrust of the propeller can be 
found. It may be noticed that for the constant speed of five knots at which 
all these results arc set off, tl»e variables are number of blades, pitch ratio, 
slip ratio, and area ratio, and the results we obtain by experiment are power 
absorption and efficiency. We can show a scries of any two of these variables 
on one set of curves by assuming the other two to be constant throughout 
the series. If we select number of blades and area ratio as constant, we can 
set off a series of S values for varying pitch and slip ratios, and we ciJn set 
off a scries of E values for the oimo pitch and slip ratios. We cannot treat 
the number of blades as a continuous variable, so that for one set of curves 
it must always be constant, and we must always have a different set of 



4 Iffades. •275 Widtli ratio. 

“ Jti, ” Curves of efficiency for constant pitch ratio. 

“ S,” Power coefficient curvos for constant pitcli ratio. 

curves for each numl er of blades. But with the pitcli, slip, and area ratios 
we may make one constant and plot values of S and E foi varying values of 
the otheji two. In tigs. LM 8 to 224 each figure shows the values of S and E f(Tr 
a constant pitch ratio, each curve of the series being for a specified width 
ratio, the base being slij) ratio. We are then able ^ see how S and E each 
vary according as pit^h or arcjf ratios are altered. 

By inspection it may be seen that — ^ • 

(1) For propellers of the same number and area ratio of blades S inci oases 

rapidly with decrease of pitch ratio. „ • i 

(2) For propellers of the same number of blades /or, svvall pitch rat*o^ 
the narrow blades absorb a little more power at low slips than the wide bladee 
up to a certain point, after which, as the slip increases, the wide blades gradu 
ally absorb greater power than the narrow ones. For large pitch ratios tju 
wide blades absorb slightly more power at all slips. 
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(3) .Maxinmni efficiency occurs at lower slips as the pitch and area ratios 
decrease'. 

(1) The value of the luaximum efficiency iiicrcavscs as jhtch ratio increases 
for the smaller area ratios up to 1’2, but slightly decreases afU'rwards, Init in 
the larger area ratio it continuously increases with increase of pitch ratio. 

(o) The value of maximum efficiency increases ])etween an'a ratios '075 and 
'125, but decreases with further increase. 

t'/i order to make use of the curves given in tigs. 218 to 224, figs. 225 to 
234 have been made. 

Consid('r the formula 0 •00312?iSl)-V\ If we are given (J and V, we 



J//p per Cent 


Fig. 225. — Model J’n^peller Experiments. 

2 BlaclevS. '2 Width ratio. 

“ E,’’ Curves of eliicieiicy for constant \alne of “ S.” 

“ P Curves of pitch ratio for constant vulw' (d “ S.’' 

«• 

can select n and O, and hence get a value of 8. If then avc can draw a 
horizontal line in any of the figs. 218 to 224 at this value of S iyid set up 
ordinates at the intersections of this line with the S curves, we get the corre- 
sponding efficiencies at^.tbe points where these ordinates cut the efficiency 
curves. Hence an efficiency curve corresponding to th^ given value of 8 may 
be drawn to the same abscisstc, riip per cent. We also know the corresponding 
pitch ratio at each of these ordinates, and hence a curve of pitch ratios can 
be sot up for the given value of 8 and in terms of slip per cent. 

* This has been done in order to get curA^cs as in the figs. 225 to 231. Fig. 
225 is derived from 218, fig. 226 .^’s derived from 219, etc. 

The efficiency curves are lettered E, and the pitch ratio curves are 
lettered P. 

Tjie value of 8 to which each curve correspQiids is also noted, and the 
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8 Blades. ’200 Width ratio. 

“ E,” Curves of efficiency for constant value of “ S.” 

“ P,” Curves of pitch ratio for constant value ol “ S.” 



Pitcfi Hatto 
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I'HDge oi Vcaliies that has been chosen depends upon the range of S in the 
original S and E curves. 

From ins]>ection of the E and ? curves in the figs. 225 to 231, it will be 
seen that for any of the chosen values of S we arc able to fix the maximum 
etliciency point. 

Drawing the ordinate at this maximum cnicicncy point, we can get the 
coiTesponding pitch ratio, and the abscissa gives the sli]) ratio. For example, 
in 225, which gives the E and T curves for two-bladed ])ropellcrs of *2 
width ratio, the S values chosen range from *2 to 2-0. 



Shp per Cent 

Fi( 4. 228.— Model Propeller Experiments. 

^ Slades. *35 Width ratio. 

'■ E,’’ Curves of efficiency for constant value of “ S.” 

“ P,’ Curves of pitch ratio for constant value of “ S. ” 

The following table gives the maximum efficiencies and tiie corresponding 
pitch ratios and slip ratios for each selected value of S ; — 


! 

j Value of S. 

« 

jM axiinuni 
Efficiency. 

Pitch KaD(». 

! 

j Sh]) j)cr cent 

2*0 

65 

•625 

I 28-2 

1*5 

677 

•7ft5 

26-0 

1'25 

GO/v") 

•76 

* 24-5 

1-0 

71-6 ^ 

•825 

22*9 

•75 

74 9 

•92 

1 20-3 


77-0 

•99 

' 18-5 


78-8 

1 -06 

]6-8 

•4 ■ 

80-6 

M4 j 

16-0 

•3 

82-2* 

1-25 ! 

13-0 

•25 

83-2 ; 

1-35 

11-3 

•2 

84-0 

1 

1-465 

f 

10*0 
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The figurejs in the ab^vc tabic have been plotted on a base of S value. 
The curves are shown in diagram 232. For each of the figs. 22o t(> 231 a 
similar table was made, and the results plotted. Fig. 233 gives thc^ results for 
all the throe-bladcd propellers, and tig. 234 shows the curves for all the 
four-bladcd propellers. 

These figures, 232, 233, and 234, are linal diagrams, and can be 
made use of directly to detLiminc the maximum efficiency, the pitch ratio, 
and the slip ratio corrcs])onding to maximum efficiency for any given 
value of S. 

Suppose that for any given value of S w^e have determined E, P, and s 



J//p per Cent 

Fi(i. 229.— Model Propeller Experiments. » 

4 Hlades. *125 Width ratio. 

“ E,” Curves of efficiency for constant value of “ S.’’, 

“ P,” Curves of pitch ratio for constant value of ‘ S. 

(g-lip ratio) from the final diagram. Let the diameter wliieh has been selected 
to give S bo 1). • * 

Then the pitch 7?=^ P x D 
and 7>U(1 V(101-33); 

V(_101’33) 
p{\ SV) • 

\V('. can thus obtain the revolution corresponding to maximum efficiency 
for any given value of S. 

It will be seen from the figures that the very best three-bladed propeller 
may have an efficiency as liigh as about 80 per cent., while V e very Ijest 
four-bladed only reaches about 75 per ceyt. The pitch* and area ratios of 
this three-bladed propeller arc about 1*6 and *28 (of disc area), while in the 
four-bladed these values are IT and *24 respectively. 

Relation between Efficiency, Pitch Ratio, and Slip Ratio.— It 
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Shp per Cent 

Fhj. 230. — Mode] Propeller E.\|)ciinn*nts. 


4 Bludt'h. *2 Width latio, 

“ E,’' Curves ofcIBciciicy I'oi coii.staiit value of ‘‘ S.” 
P, " Curves of pitcli ratio for noiistaiit value of S, 



sup per Cent 

' Fig. 231. 

4 Blades. '275 Width ratio. 

“ E,” Curves of efficiency for constant value of “ S.” 

“ P,” Curves of pitch ratio for constant value of S.” 


Pitch Rath Pitch 04fio 
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trill also he seen that in both the three- and four-bladed pi-opellers inaximimi 
ffioieiujyMS consistent with a very large range of pitch i*atio, and corre- 
ponds ‘in the thrce-bladed to about U per cent, slip ratio, and in the 
our-blad(xl to 13 per cent, slip ratio. Of course the value of the inaxnniim 
ifficicncy will vary very much with pitch ratio, but the jiosition oi it in 
•elation to slip will not alter. It may be interesting to notice that as between 
^he threci- and four-bladed propellers, while maximum efheieney occurs at about 
.he same slij) ratio, i.e. at about the same revolutions^ in the same diameter 
propellers, that (he correspon ' ng area ratios are "27 and '30, the excess ol 
he latter o* er the former being simplv that due to the extra blade, viz. about 



Cui vt 

“ s ” 


( iMaxiniuin otliciciicp 'j for two-bladed 
. r Ibtcli ratio ‘ J- propellers. 

SI]) ratio j ;200 Width latio. 

obtailH'd Irom formula (J •0lJl512nSl>'V *. 


one-thii^. Tha ctV'ct of this extra blade only seems to be to detract from 
effiiMcncy^ as it low.u’s the maximum possible froui^80 per cent, in the three- 
bladcd to 73 per cent, in the £our-bladed. 

It has been showli that the values of S»,increase with decrease in pitch 
ratio, /.r. iiicroaso of -liametor ratio, raft^iug i" four-l)laded propellors liaviug 
narrow blades (of, say, area ratio '17) from -1 at pitd. '•■‘^tio of I'f. to 1 0 at 
pitch ratio of t, and in broad bh«lcs (siiy, oi area iiitio ol bb) i; an 1 t.j - 0 
These are very significant figures, and show.tho wide rango-ot power absorptioi 
of different propelloi-s. The value of S, except for small areas, inereasos witl 
increase of area ratio tor the same pitch ratio, the rate of merease hcnis 
much greater for small pjtch ratios than tor large. T aking these two stffte 
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mcnts togctliiir, it m seen that to ^et a large value of S small pit(;h ratios and 
large area ratios are iieeessary. 

Elements affecting Powers and Efficiencies of Propellers.— 

There are Jottr piineipal elements which affect the powers and elhcicncies 
of pro})ellers : these are (1) the diameter; (2) the pitch; (3) the blade 
area ; and (4) the shape of the blade section. Tlie first three we are 
accustomed to taking into account, but the last has not been looked upon 
as an clement which required any special attention, but which, judging 
from Taylor’s results, is a factor which will require to be reckoned with as 
much as an}" of the other three. With reference to this factor of efficiency, 



Fig. 233. 

f Maximum cllicj*‘iicy t for three- [ 200 Wuith latio. 
Cui'ves of 4 Pitcli ratio bladed -[ *270 ,, ,, 

(Sli]) ratio ^ J pro]M4lers ( ’37)0 ,, ,, 

“S’’ oblamed from fonnula^ I — *0031277.8 1 )‘'V 


we understand, when talking a])out pitch, that we are reb pitch, 

uniform or otherwise, of the face of the propcll;* /‘'j' remember 

that the back of the propeller fias also pitch varies 

from point to ])oint. As the thh kne? f.'n:,* • ^ 't)iy often fixed in a 

most arbitrary manner, generallj] n 

the propeller, and not Urn widtl, w 1^'^ve a very 

Kroal differonce- of j.itcl, ovou, ! t K. “ '' 7 . ^ 

narrow blades witli liuaw'^l t ' ■ ■ 

nauow u aacs «iui to roinain in contact with the hack of the hhid.. 

Now as the watei is ^'.g ahoird, it is obvious that the pitch of tlie back Of the 
at a 1 tunes when dvolling factor in the tinal efllciency ^ 

blade must be a c « 
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We have been accustomed to reckon the liighest efficiency attaiiuibh' as 
ibout 70 per cent., but wo nave from these cx] 3 eriments a maximum etliciency 
>f 78-8 per cent, for propeller No. 28. In calculating this efficiency the action 
)f the propeller boss has not been taken into account, and so the efficiency 
vill be slightly greater than would have been obtained if this action liad b(5cn 
iaken into consideration. Taylor is, however, confident that this (‘xtieme 
jfficicncy has been obtained. He cites as factors confirming his results 
ffie extreme accuracy with which the propellers were finished, the com- 
Darative thinness of the blades \nd the steady falling ofl in efficiency as the 




/4 



Value or "s" 

Fig. 234. 

( Maximum eJiicipiicy ] for four- C *200 Width ratio. 

Curve.'. ' ^ PiU’h ratio Vbladed ■! '275 ,, ,, 

I Sir ratio j propellers ( *350 ,, 

“ S ” ohlaiuped from formula (i — *00012 /<SD“V‘'. 

* 

pitch raHo was decreased, a result one would have expected from theoretical 

considerations. ^ 

Influence of Blacje Width and Area.— Another result of these 
experiments is the fact that it lias been sl’^wn that as the pitch ratio is 
decreased the influence of the blade Width and area upon the final results 
beccimes gradually less, until for propellers of very fine pitch ratio the 
narrow blades actually absorb the greater power. kkn* the \ opellers oi 
*6 pitch ratio the experiments show, at^ a slip of 26 ' per cent., that it 
makes practically no difference what the width of blade is, for the same 
power is absorbed by the propeller, although the narrow blades show 
somewhat greater efficiency. Below 26 per cent, slip the narrow blac>es 
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absorb greater power, wldle above this percentage the wider Idades take the 
greater power, until at the highest pitcli ratios exjleriincnted with tlie greater 
width of blade absorbs most power at all slips. 

One other feature of the results is the fact that, as the pitch ratio is 
decreased, tin; j)ower absorbed and the cthcicncy at low slips are both 
very great, ejj. taking propellers G to 10 for the narrowest blade, the 
etlieieney at zero slip is GG*8 per cent., while the luaximum efbcicncy of this 
])ro})eller is G7' 1 per cent., but as the width of blade is increased this edect 
is diininished. ^ 

Cavitation. — ft is generally admitted that experiments on model pro- 
pellers are of very little use as regards the phenomenon of cavitation,^ owing 
to the fact that the model propellers working under the combined pressure of 
air and water have a virtual immersion much greater than the full-sized ones. 



Fig. 235. 



Diameter 16". 

Pitch 19*2". 

Total Blade area 61 ‘7 sq. inches, 

Mean Width ratio ‘200. 

For many of the propellers tested there seemed to be a tendency towards a 
reduction in thrust and tonpie wlicn travcdling at the 7-knot s}>ced, but 
there was no pronounced cavitatior., exec})t in the case o- prcnjeller No. 1, at 
7 knots. This propeller had its results carefully noted, and they showed 
that at b knots the curves were normal, at 6 knots it showed sign ' of cavi- 
tation at about 0 })cr cent, slip and 115 lbs. thrust, and at 7 knots sD;ong 
signs of cavitation at faboiit -15 per cent, slip and 80 lbs. thrust. Tt 
should be noted that tlm cavitation occuiTcd at a veryjow tlirust per s([uare 
inch of projected surface, and ‘il is Jiere that Taylor makes a rcunark, which 
ought to be paid particular attention to, in reference to the cavitation which 
exwts in the iiK^lels and is said to exist in the actual screws when running 
aka high speed of revolution sucli as turbine-driven destroyers, viz.: “It 
si'ems reasonable to suppose thatrall cavitation is largely of the same nature, 
and a function not only of the thrust, but also of the speed of revolution 

' 8ee also Chapter XXII I., p. 339. 
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and shape of blade section, and that it eoiild probably be mitigated in many 
cases or deferred by modifying suitably the blade section.” 

Effect of Blade Section. — With reference to bis contention as to 
the effect of blade section on efficiency, etc., Taylor shows the two diagrams, 
figs. 235 and 236. 



Fig. 235 shows shapes of blade section for tlie propellers whose results are 
given as curves in hg. 236. Propeller 23 was one of the regular series, 16 
inches diameter, 19’2 inches pitch, 64*7 sejuare inches blade, and *200 mean 
width ratio and *322 ratio of surface to disc area. Nos. 23n and 23(7 bad the 
same diameter and blade area as No. 23, but’ bad blade sections as shown in 
fig. 235. The pitch of the line A A was in 23(i, 19*2 inches, i.e. the face and 
back >verc similarly convex. ^ PV>r 236 the pitch of the portion ah of the^facd 
VOL. II. 
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and portion cd of the back was the same as before, viz. 19*2 inches. Fig. 
230 shows the curves of efficiency and 8 for these tliree propellers. This 
diagram emphasises the statement made by Taylor with reference to the blade 
section. It may he here noted that the value of S should bo kept as high as 
possible, as this enables the propeller to be made smaller, and it is necessary 
when the pitch is small, as it must be with quick-running engines, to keep 
the diameter down as small as possible, and it is probable that with warships 
there moy be something gained with quick-running propellers by making 
them four-bladcd instead of tliree-ldaded. 

Importance of these Results. — The introduction of the I’arsons and 
other steam turbines as propelling engines has led to great increases in 
revolutions of propellers. This necessitated reduction of pitch ratios and 
diameters. Tlic earlier experiments of the Frondes did not cover ])itch ratios 
of much less than 1 *2. Taylor’s experiments carry these results to ratios as 
low as *4, and in the regions between 1*2 and *4 lead to conclusions somewhat 
diilercnt to those above 1 *2. The method of Fronde which is given in fig. 
207 is found to be not applicable to the lower pitch nitios. The efficiency 
curve given in that which is assumed to be a])plicable to all the pitch 

ratios covered by the dia^’am, is not applicable in the much lower ratios. 
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EFFECT OF THICKNESS, RAKE, AND SHAPE OF 
BLADE UPON PROPELLER EFFICIENCY. 

ro]J/)WL\(i U]) the exfjcnniciiis whicli we have ju«t considered, tlici’e was 
made a s('nes of experiments uialertalien hy the Mode] l>asin authorities at 
AVashinj^ton ui order to ascerta:.i ihe eUbct of “rake” on ])ropel](n* l)lades, 
the udlueiKv of thickness an 1 section of hlade, and also the result on the 
efficiency of the propcllei due to alteration of shape* of bladi*. Investi'^atioiis 
were Carried out in otiier directions, viz. with reference to the suction 
forward of the ()ro]H!ller, and, as the trntli of the law of comparison as apjilied 
to projicllers liad lieeii often (|ncstioned, to obtain proof oj* otlierwise of this 
law by means of experiments on propellers. These latter experiments were not 
earned out to such a degree of completion as those* which have gone before, but 
they «up])|^y us with very useful data, and will, as Mr Taylor says, “furnish a 
basis for more complete investigation of other explorers in this wide* fiekl.’' Tt 
is well known that in order to give more idearance to the pr(>])t'llei’ in the 
aperture, or for other purposes, the blades are often raked back, very rarely 
forward, and it has been a much discussed (piestion as to the efte(‘t of tliis 
on the ellicieni'y oi the iiropeller. Experiments were made on propellers of 
two dltferent [litidi ratios, viz. ‘0 and 1*2 ; in all, six pro])ellers were tried, one 
of each pitch ratio with the blades set at right angles to the shaft one at a 
rake of 10“ forwaird, and one at a, rake of 10“ aft: the ari'a ratio was in all 
cases dU 3 and the blade thickness fraction *0425. This last narticular is a 
new one, and is the latio between the maximum thickness of tlie blade .it the 
axis and the diameter, a section being taken in a radial direction, the lines of 
the front and baf*k supoos' d extended to the centre of the shaft. From the 
results of these experiments it is shown that for the pitch r ‘‘ios in ordinarv 
use the cftieieiicy is jmictically unaltered hy the blades being raked within 
the limits of the ex]/erlmruts, eitlier in a fore or aft direction. AVith the 
finer ])itch mtii^s there seems to he a tendency for the forwai’d-raked hlade 
to deerejise in efiieieney, so tliat, other things being favourable, tlien* is no 
reason why we sliould flepart from tlie j)erpeiftlicular blade so far as the pro- 
peller itself is concerned The details of the jiropcllers ,‘ire given helow^ in 
the hfllow'ing table and lig. 237. 

Thickness of Blade. — The thickness of pro])eller bl.ules has up to th^' 
present been a very arbitrarily cl losen ipiantitv, each dosignei*gonerally having 
his owMi ide.'is on the subject, and taking ver} little thought as to the dfect on 
the efficiency of Ids increasing the thickness of the blade. In 1 904 Taylor called 
attention to tliis point, and stated that the thickness of the blades *seem(;d to 

im 







JFFKCT OF THICKNESS, ETC. UPON PROPELLEI? EFFICIENCY. 325 

made by him m tlii^ diroot^m, and they amply hear out the propliecy m.*ido. 
Twelve propellers were tried, the hlade outlines o! whiidi were such as shown 
in fig. 238. The sections were in all cases the ordinai’y type, with ])itch 




ratios of *6 for the half, and 1-2 for the remaining six. Two diftei mt widtljs 
of blade were chosen, \va. '125 and '200, with three varines of thickness 
fraction, '0205, 0425, and *0708. The results obtained show clearly that 
there is a falling off in eilieiency with an increase of blade thickness, and that 
such increase causes a markpd increment in the power absorbed and thrult 
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(lulivon'd. It to be a fair conclusion that, i/ the ty])e of blade section 

reniiiiuN constant, an\' increase of blade thickness will cause a loss of efficiency, 



an increase in power absorbed, and also an incr(‘ased thrust from the propeller, 
but not in proporticju to the extra power absorbed. Fi^. 239 shows the value 
o| the efficiency obtained by various thickness fractions for the two pitch- 
rat iot; treated, the pro]>ellers bcin^- supposed to' be of m-dijiary proportions 


2^H3 ?rof44 

Fig. 240. — Details of Blades of Propellers having different Sections. 
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aud the* common ogival section. What we rc(juire now itS a sot of experiments 
combining those just described with those detailed below, so that ve would 
have complete information as to the variation on ethciency ])roduced by 
alteration in thickness of blade, in conjunction with variation in type of 
section, pitch, and area ratios : this would give us all the particulars (some 





mmm 




of which have been previously obtained) rccpiired to give the most etiicient 
])ropeller to fulfil a givch 8ei*of conditions. , n 1 1 

Blade Section. — To the questiontof tlfickness of idade there is closely 
allk 3 d the question of the form of blade section, and in connection with the latter 
a few experiments were made with propellers all as nearly as mav be with the 
same developed blade outline and the same thickness of blade in the centre, -but 
of various sections. The forms of section^ used were those shown in hg. ^40. 
They are all of a fine pitch ratio -7875. For the purposes of coiiiparison the 
nominal pitch was taken as the same, although the variation m form of section 
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would, of course, iiilluciico tin; virtual pitch. The nominal ])itch lines, oral 
any rate tlie portions of the blade which are assumed to have nominal pitch, 
are shown in lMO. Model (1.3D) is the ordinary ogival section; model 
(140) is of the same type with regard to the larger portion, hut the leading 
edg(‘ is set forward. iNlodel (141) has a rounded driving face, the leading and 
following edges being both set forward two-tenths of the maximum blade 
thickness. Model (M2) is of a similar type, but the leading and following 
edges n re set foiwvard a distance e(pial to four-tenths of the maximum thick- 
ness.' Model (113) combines the forward half of (131)) with the I'car portion 
of (141), and model (Ml) combines with the 'forward half of (131)) the rear 
half of 142. .Model (145) combines with the forward portion of (140) the 
rear of (Ml). Fig. 2M shows in the usual w'ay the results of these experi- 
nu'iits, and exhibits in a very telling manner the large inlluene(5 wdiich the 
shnpe of the blade stajtion has on the eHiciency of the propelhu'. The co- 
etlicient K,,; here used is a eocllicient similar to S, expressing the us(;ful work 
done ; the formula for the value of this coellicient being 


•0030707 VT_ Fr 
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the hitters having the same signilicance as in the [ireeeding chapter. Look- 
ing now' at the results as de])ictcd by the curves, we notice that the 
tollowung edge seems to intiuenee the power and thrust to a givatcr extent 
than the leatling edge, a result which certainly was not anticipated, and which 
eom(‘s rather as jt surprise. Comparing Xos. 139 and 140, Nos. Ml 3 -5 and 
Nos. 112 and 1 14, we see the truth of this, the forms having similar tails 
falling elosely together as regards [)ower and thrust. With refennice to 
etliciency, it will be si'cn that the commonly used ogival se(‘tion .with the 
roundetl back is not the most efliciont ; the leading edge can be improved 
with regard to the etliciency, esjiecially at the lower slips. None of the 
propellers shown has sery high etliciency, but this is easily accounted for by 
the broad, thick blades and Hue pitch. 

Shape of Blade. -On the subject of shajie (d blade* much has been said 


No. 

Diinifitei. 
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Diameter 
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and wriiten, much virtuc^and no faults being claimed by many inventors for 
their peculiar form of blade. Th<‘ short series of exj)eriments which was 
undcrtak(‘n to find, if ])ossible, some guide as to the influence of the developed 



Fio. 24 15, —Details of lilades of Propellers used fh exoerimciits on clfect of Shape of Blades. 

• 

shape upon the cflieicney, dealt with live shapes of blade, each suape beiyg 
used for three propclh'vs of diflerent pitches. The table given above gives the 
data for these propellers, and fig. gives ^haptis and sections. 

Ill each cMso the portion of the blade inside of the mid-radius was tlje 
same, being an ellipse whicjii, if it had been continued, would have touched 
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the centre line of the shaft. The outer portion of [he area was bouiicled hy a 
mathematical curve of the general equation 



where “r" is the radius of the blade, “a” represents the distance out from 



the mid-radius, and “y” is the^ breadth of the blade, being tlie bi'(;:idtlj| 
at mid-radius. The five outlines u^ed were those determined by giving 

the values 1 * 0 , 2, 2*5, 3, and 3*5 : when n ^ 2 the outer portion oC the' 
a^ea forms a complete ellipse with the inner portion. When = 3 the derived 
sliape is one of which Taylor advocates the use. The thickness of the blade 
was kept the same in all cases, regardless of width. Each blade outline was 
used with Ihc three pitch ratios, *8, 1*0, and 1'2. The results obtained were 
a.s slii)wn in tigs. 243, 244, 245. The information, to be gathered from these 
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curves is of inucli value corroborating previous results. As one would have 
expected, the broad-tipped blades absorb more power and deliver more thrust, 
with the exception that at a pitch ratio of "8 and small slips the narrow-tipped 



blades absorb at least as much power and deliver as much thrust as the 
widest blades. The reason of this is not hfr to seek : the virtual j)itch of the 
outer portion of tlu' narrow blades is a good deal in excess of that in the 
broad-tipped ones : at laiige slips this ditterence of virtual pitch has little 
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eftbct, but when it comes to small slips, this diffQ>'eucc has a considerable 
iiiHueiicej and so wc find an increase of both power absorbed and thrust 
delivered in the case of the narrow-tipped blades. 



Influence of Blade Shape on Efliciency.—In the matter of ofticiency 
the very narrow tips certainly sho<\v the best results unless at fine pitches, 
and the elliptical blades seem to be more efficient than the broad-tipped 
bladcsj The difference is nowhere great, and ,it is to be noted that 
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the di^creiices between the power curves at higher slips are greater tlian 
are warranted by the addition of the extra area, but it must be re- 
membered that this additional area is j)ut on the place where it will tell 
most, and is not, as would commonly be done, distributed round the whole 
circumference of the blade. In cionclusion, it would seem that these experi- 
ments, as far as they go, show that as the narrow-tipped blades arc more liable 
to cavitation, especially at fine pitches, than the broad ones, it would be 
preferable to use the elliptical blade for coarse pitches not liable to cavit^ition, 
and broader-tipped blades .V fine pitches, and especially where cavitation 
is feared. 



CHAPTER XXIII. 


PRESSURES NEAR PROPELLER. TEST OF LAWS 
OF COMPARISON AND CAVITATION. 

Mr Tayia)|{ has produced Bome useful data with reference to tlie ])ressure 
in tlie water proximate to a revolving pro{)eller \a Inch is delivering 
thrust, and the experiments liere brielly summarisi'd give the first e\j)cri- 
inenlal information on this subject. The apparatus used was as I'oIIoaas : — A 
vertical plane surface was fitted parallel to the centre line of shaft witli a 
number of tubes iu the rear, each tube was <*onnect(d to a particular 
measuring spot on the plane designated, as shown in fig. iMh, <\</, A.j, Jh, 



etc. At each of thi'se measin*ing spots there was a thin caj) flush with the 
face of the plane, and fiaving a large number of very small holes forced 
through it with the object of alkwing the pressure in ’^he moving water to 
be communicated to the water in the 'tubes. Pkch tube was connected at the 
top of the plane to a glass tube, and these tubes were in turn connected ly a 
common pipe to a- receiver from which the air could be partially exhausted 
this arrangement l)v?ing simply to raise the water in the tubes to a convenient 
height for measuring. Tn additiem to these tub(‘s, a pitot tube was fitted 
forward of *1110 plane for measuring the undisturhed pressun? of the water. 
Kat'h tube below the glass part was supplied with a shut-ofl* ('ock, and all 
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the coclhi could be closed simultaneously. The method of experiment was 
very simple : first runs were made without the propeller at the speed at 
which it was proposed to run the carriage when the pi’opeller was in place, 
and so calibrate the tubes, etc., as the plane, not being an ideal one, raised 
a (piite perceptible wave, and consequently there was a definite change of 
pressure at each measuring point when travelling from the still-water con- 
dition. Knowing this, if we put the propeller in place and run the 



Fic, 247. (hii’Nes (»l Pios-sure for Propeller. Holes of Ri>w C 1|" above centre 
line of .shaft. Rows ainl Stations each G” apart. 

• • 

carriage at tlie afor<!#sai(I speed, and the pfopcller at a number of revolu- 
tions to give the chosen slip, we can*get 1‘rom the tubes the excess or 
dimisnition of pressuix* over the plane caused by the rotation of the 
propeller. Of course we get the power absorbed, thrust delivere b and effmi- 
ency at the same time. The vertical plane was tested for three positions 
parallel to the shaft with four different pi'C^jellers ranging in pitch from V2’^ 
inches in the finest to 21 inches in the coarsest 16-inch propeller. ^ The mean 
width ratio was *2 in till cases, and the plane was ij inches, 5^ inches, aii_d 11 J 


ScaZe fiorV&f'lectiorv^PressuT^ in Zhs jier S^.FL+V'^ 
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inches from the propeller ti[)s in the three occasions. \ horizontal ])lanc 7 inches 
above the tips was also tried several times in conjunction witli the vertical one. 
With the vertical plane only in place, the results of tonpie, thrust, and efficiency 
do not (lifter appreciably from the results obtained for the propeller in the 
open. With the horizontal plane also in place there is a slijjjhtly increased 
thrust and tonpio, but practically no difterenc(‘ in the efticiency. Fig. 247 
shows a specimen of the results for one propeller when the vertical plam; was 
inch from the tips of the blades. Three groups of curves corresponding to 
nominal slips of 10, 20, and ftO j)er cent, arc shown with a line in i^ach group 
indicating the excess or defect of pressure along a horizontal row of measuring 
points. It will be seen that the point of great('st suction is (5 inches forward 
of the centre of the propeller, and on a line with the centre of the shaft. It 
is worthy of note that tlnu’c is a diminution of ]>ressure for aii ap])reciable 
distance abaft the screw. The results for the othei* propellers are fairly 
represented by the above figure', and the general characteristics seem to bo 
pretty constant, no matter whether the pitch is course or lini‘. When the 
vertical plane is only 11 J inches away from the tips of the pri^pellcr the 
diminution of pressure extends over practically tlu' whole plane, behind as 
well as in front of the screw. When the horizontal ])lan(‘ is also in position 
there is an excess of pressurt' close Ix'hind the screw, (‘von to the line marked 
E in fig. 216. The difterences of jiressures are plottc'd in lbs. jier sfiuare foot 
divided by Fig. 248 gives the results in another manner, showing for 

certain selected measurement spots on the plane the ratio between the reduc- 
tion of pressure ])er s<juare inch and tlie nu'an thrust jicr stjuavt*. inch over 
the disc area. These ntsults corroborate the practice of J''r(Mtdc in taking 
the tlirust deduction as a constant fraction of the thrust. 

Comparison between Model and Full-sized Screws.— It lias 
been found on several occasions that tlie results of fidl-sized propellers 
did not agree with the results which bad been e\])(‘ct‘‘d from iuformation 
derived from experiments with models of th(‘se, ami the law of comparison 
began to bo looked upon witli something like suspicion. Then' wen* two 
chief reasons for this, viz. either the law of comjiarison did not liold, or the 
model did not accurately repn^seut tin? full-sized propeller. To anyone who 
knoNvs about the manufacture of propellers it is not at all difticuU to imagine 
that the large piopeller did (lifter from its model, and to a much greater 
extent that it would he believed jiossiblc. We have alrc'ady seen that a 
comparatively slight diftereiicc iu blade s('ction, etc., leads to a considerable 
diftereiice iu the final result. A set of oxperimeuts was uuHcrtakcn in order 
to prove the law of comparison for nroptdlers, or to show that it did not hold. 
There were fifteen propellers ill all used in the (ixpi-rimciits, nIz. five of the 
(|ifterent diameters 8-incli, 1 2-iucli, 16-inch, 20-inch, and 2t-iiich, a .d each 
diameter with pitch ratios '6, 1*0, and 1*5. The mean width ratio was kept 
constant at *2 and the big de thickness fraction also constant at *0125. The 
area ratio in all was '3151. These propellcis Avere exet'C’dingly carefully 
made, the greatest care being F\ken^that they were cxkctl}^ alikii to scale: 
they Avere similar to t^ach other to a degree not to be olitaiiu'd between a 
tank-made modi'l and an ordinary foundry casting. It was an unfortubate 
ciucumstance that necessitated the use or \ery fine springs for the 8-iiich 
propellers and very heaAy ones for the 21-in(fti ones: if it had been pijssible 
to use the same springs right thrdugh for torsion and for thrust, the residt 
w(^ul(l bave^beeii more satisfactory. Figs. 219, 250, 251 show the results of 
the tests : if the law of comparison applied exactly rnd if the experiments were 
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narisoii is based upon tlie assiiin])tioii of exactly similar i notions ii/ the case 
of a model and full-si/ed propeller, and this entails in fluids the perfect 
continuity of jnotion. In the actual case there is discontinuity of motion and 
the resultant eddy motion. So that it seems as if the law might hold to a 



very great degree of approximation, but never could hold exactly^ One 
source of error in the experiments was th(‘ disturbance caus(‘d by tlie 20-inch 
and 24*ineh screws; witli the smaller propellers this disturbaiuje could be 
neglected, but with the larger ohes the disturbance was great, and pressure of 
time did not allow a proportionate time interval to be admitted between tb^ 
rui'ks of the larger yu’opellers. Tt is not though^ iiowever, tlnit this error wi:!} 
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have any a 2 )prcciablo efl’cct^on the results. A iiiiich more serious sourc(' of 
error, and one whose effeet is ratlier ditlicult to without e\ 2 )eriinent, is 

that the centres of all the j)ro 2 }ellers were the same distance below the water- 
line, viz. 16 inches. This, of course, j^ives a dei)th of water equal to one and 
a half times the diameter for tlie tS-ineh screw, but only equal to one-sixth 
diameter in the case of the 24-inch jn’opcllors. A few^ preliminary ex 2 )eri- 
ments w^cre made w ith 1 6-incii pro 2 )ellers, and these seemed to show that there 
was a slight falling off in thrusi and tonjue as tin; depth of w\atcr over ^he 
tips was decreased, until, of com when air began to be sucked, there was a 
sudden fall, ddiis error, combined wdth the previous one, makes tht; curves of 



Fio. ‘J50. — Curves of otticioucy and coetlioio’its for various diameters. I’llcli ratio I’O. 


figs. 249, 2o0, 251 exaggerate the effect of increase of diameter. Even not 
allowing for this error, it is seen tluit the difference in actual slip of the 
24-inch 2 )ro 2 )eller and the sH}) calculated by thg law’ of coujjmrison from the 
8-inch itrojjcller is only about 2 per cent., sw tha# if all error w’ere eliminated 
the difference would bo ju’acticallv negligible. It apjjears reasonable to 
conclude that, in the absence of more complete information, which '*an only 
be obtained by elaborate experiments with full-sized proj^elku's, we can roly* 
with a good deal of confidence iijxni model p|;opeller results extended by the 
law of com])arison to full-sized pro})cllei’s. • 

Cavitation.— 1 n a propeller the propulsive effect is obtained by im 2 )art- • 
ing to a body of water an absolute sternward velocity. Thus the propeller is 
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coiitimially actiiitt on new water, tlio continuity of the siipjily being, as was, 
Ijointwl ont in 1873 liy Professor Osborne Iteynolds, regulated by the power 

the water has to follow the propeller. . , , • i • 

(!onsidor a simple case of a flat vertical board inoving >»>r|'^0”^ly 
through the water in the direction of its normal, and baving pai t of the oa d 
above the surface. ( ionsider a small area on the back of the plane h 
below the surface. However fast the plate may move, the pressure on this 
part of the surface can never be less than atmospheric iiressure, because, it 
the pressure is reduced below atmospheric pressure, air will flow m at the 
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back of the plate if the water does not, and so keep the pressure up to that 
of the atmosphere. The limiting velocity in this case at which air instep ^ 
water flows in will be given ly «2= Syfi, where e is ft. sec units, becanw 
the maximum velocity at Whiclf the water can flow is that 
from the .surface falling to the depth h feet. H, however, the pi. i It is wholly 
beneath the surface, and wc consider a small area h feet below the surface,, 
the limiting velocity will be such that the total energy in the water is con-., 
vei'tcd into energy of motion, *.c. the velocity is gi' cn by 

+ 3 1 ), 

wfiere 31 feet is the head of water due to atiuosplieric pressure. If 
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velocity T)f Uk; exceeds this, the water is not caj)able of attaining a 

greater velocity than that due to its head, and thus will be incapable 
of maintaining a continuous flow. Cavities wdll consequently be formed 
in the water at the back of the plate. This phenomenon has been called 
Cavitation.* 

To extend this to the case of the screw propeller, it is necessary to note 
that the propeller acts partly by pressure u 2 )on the face and j)artly by suction 
at the back. In addition, we have a rotary motion of the water about the 
axis of the shaft, and hence a : * itrifugal action. Thus the effect in this case 
will be more maiked than in tlio simple ease of the vertical plate. It may be 
seen, therefore, there is a limit to the rotary speed of a propeller, depending 
upon the immersion, csjiecially if it is not entirely submerged. 

Messrs Thornycroft & Barnaby’s Experiments. Cavitation was 
first noticed in 1894 during the trials of the T.U.D. “Daring,” which w^as 
designed to have m s]»eed of not less than 27 knots. This vessel was of 
7 feet draught, and the stern was shaped so that the screws had little 



Fig. 252. 

immersion. This immersion was less at full speed than when at r&st, owdng 
to the wave formation. The vessel was fitted wdth narrow’^daded screws of 
elliptical form, the uinor axis being 4/lOths of the majer a^is. The pitch 
■was an increasing one from the leading to the following edge. 

Curve A, fig. shows the performance of tliese screws. The slip was 
too great at all speeds, and the curve A sho^s a large increase from 22 to 24 
knots. The pitch of the screws was slightly reduced, and then gave a per- 
formance* shown by curve B. Theie was an appreciable roduction of slip at* 
moderate speeds, but it increased more rapidly than was anticipated at the 
higher speeds. This led to the conclusion that too hi^h a thrust per unit of 
area of blade was demanded JT these blades^ and new propellers were made 
having blades of increased area, the pitcji beiiig the same as in the original 
screw^s. The performance of these new screws is shown by curve C. It is 
seen fliat the slip is the same as for B at about 19 knots, but at higher speeds 
it is less, and rises to a maximum at about 24 knots. ■ • 

With th(^ narrow blades, excessive vibration was experienced at the stern. 
With the blades removed and with the engines running at tlie styue speed 

* See remarks on p. 320. 
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there was iiu viljratioii, thus indicating that some yibratory action was taking 
[)lace at tlie propellers. 

C’umparing the new screws with the original ones, fi’oin which they only 
difl’er in area of blade, at '2i knots the slip is reduced from 30 per cent, to 
I per cent., and the J.H. I\ from 3700 to 30r)0. The number of revolutions 
re([uired to give 2i knots wdth original screw^s gave with the new ones. 
The excessive vibrat^ion at the stern disappeared. 

Ill screws of elliptical form, cavitation appears to be jiroduced wlicn the 
mea i negative pressure exceeds Of lbs. per^sipiarc inch of projected area, or 
the whole thrust exceeds llj lbs. per sijuare inch, and probalily varies for 
dillerently shaped blades. 

Kcsults precisely similar to the above were obtained, at the same time, on 
the trials of some torpedo-boats. 

The Hon. Chas. Parsons's Experiments.—These were undertaken 
in connection with the “Turbinia,’' which was the first turbine-driven vessel. 
The engiiH's were designed previously to the experiments on the “Daring,” 
referre(i to above ; and as a turbine is more efticient at high than at low 
revolutions, the engines wen* designed to run at 2500 revolutions per minute 
and to develop 1500 H. I\, and the vessel was originally designed for a single 
screw\ On the trials, eaivitation w'as experienced in a very aggravated form, 
although several s(;rew*s of various patterns were used. In order to 
thoroughly investigate the plienomenon, a series of cx])eriments were made 
upon model screw's in a tank of water heated nearly to boiling-point. This 
W'as done to make the head of water above the propellers as near as possible 
to the same scale as that to which the model screw represented the actual 
ones ill the “Turbinia.” The revolutions wore arranged to give the same 
slip ratio as that at wliich the actual screws were w'orking. P>y using boated 
watei* the phenomenon of cavitation took place at a smaller rate of revolutions 
than it would have. By means of suitable apparatus the formation and 
growth of the cavities were traced. A cavity first formed netir tin; tip of the 
blade, just behind the leading edge, and increased as the revolutions im'reased. 
At a speed corresponding to the “Turbinia’s” jiropeller it covered a sector of 
the screw' disc of 90^ At higher revolutions the screw revolved in a 
cylindrical cavity, scraping off layers from the forward end and delivering 
them to the after end. 

These ex]>erimeiits led to the replacing of the single screw by throe screws, 
w hen no further trouble was experienced. 

Thus there ap[)ears to be a limit to the amount of thrust per projected 
area of screw's that can be developed. This limit will probably de])end to 
some extent upon the immersio j. The solution of the problem is obtained 
by dividing the w'ork between a large number of s(;rews and adopting a 
larger blade area. The experiments of Dr Wm. Fronde had led to the 
adoption of screw's having a ratio for maximum efficiency of developed blade 
area to disc area of *25 to '3. The experience of engineers in many cases led 
them to adopt for special purposes a larger ratio. Dr^H. K. Fronde, in his 
later experiments, found that a raiio as high as T) in some cases gave high 
efficiency. Mr Parsons and other engineers have used a ratio as^ high 
y,s ‘6 with advantage. 

The reasons that have led to this increased area are that it has been 

S d that for average seagoing w'ork the thrust wdiich the propellers may 
to meet may be increased 20 per cent, to 30 per cent, on account of the 
ijiead seas and winds, and in such circumstances it is probable that cavitation 
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luay occur in propellers i^^liieli show little or no sign of it in smooth- water 
conditions. 'J'he extra blade area is a margin available for such contingencies. 
The fear that such great areas would be associated with inefficient results on 
account of increased frictional resistance has not been borne out cither by 
experiments on models or experience in ships. The results of I'aylors 
experiments on screws with small pitch ratios sIjOW that in this case great 
blade area is more efficient tiian small. 



CHAPTER XXIV. 


APPLICATION OF MODEL EXPERIMENTAL RESULTS 
TO THE DESIGN OF PROPELLERS AND THE DE- 
TERMINATION OF EFFICIENCY IN FULL-SIZED 
SHIPS, 

Having these experunents, we may now, hy concrete examples, see 

their ap]jlication to the design of screw propellers. Let us aj)j)ly Taylor’s 
I’esults to the case of a vessel developing 9000 J.H.P., having tlirec screws 
driven hy three turbines or other motors, each capable of giving off 3000 
H. P. to each screw shaft, and collectively driving the vessel at 23 knots. 
Lh*oia the formula 

( ; - 003] 2yiSI>’V3 ^ve get 3000 = *00312 x 3 x S x D- x 23-^ ; 

'Si>^ = 26*3. 

From this value, if we choose T>, we can find a value for S. It is better 
to select diD'erent values for 1) and to draw curves of clhcicncy, pitch, slip, and 
revolution in terms of 1). The most favouralile jiropeller to the given set of 
conditions can thereby be obtained. Selecting values of L) from 4 to 10 feet 
we obtain \ allies of S at wliich we can set np ordinates in the final curves. 

The following table shows the results obtained : — 

SL)2=26‘3. 


D. 

1 

! s. 

E, 

Slip. 

r. 

Pitch p. 

p{\ - ,s). 

KeN 0. 
VxlOl-33 


i 



)» 





pi 1 - v) 

1 

lai5 

60-5 

37*2 

*92 

3 '68 

2*32 

1008 

r, 


6.'. 0 

33-0 

1*06 

5*30 

3-55 

655 

li 

■7-> 

6‘)-0 

•.9-6 

1 *185 

1 7*11 

5-00 

466 

7 

*e3fi 

71*4 

26*7 ; 

1 *275 

- 8 -OL- 

6-55 

356 

s 

: -411 

73-5 

24-2 1 

Z -340 

IO *72 

8;10 

288 

1 9 

•325 

75*0 

21 *8 ' 

.. 1 -asci 

12-42 

9-72 

240 

’ 10 

■263 1 

76 0 

j ]9-5 j 

1 1 

1*410 

14*10 

11-38 

i 

205 

r 1 


riie first column 

gives the diameters that ha\ 

e been selected. The corre- 


spoudiug values of S arc put in the next column. We are now loft to choose 
width ratio. In this case the width ratio *275 has been chosen. W^e tlierefore 
our results from fig. 233, and the series of -275 curves. Setting nj^ 
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ordinates at the values ot S p\cii in the second column, wc can read oft th( 
results for IC the inaxiinum cfticioncy, the slip, and 1‘ the pitch ratio. These 
results liavo heen tabulated in the next three columns. 

Multiplying- 1‘ by i), wc get the ])itchy> ni feet. The sixtli eeilumn give; 
the values ol’ the pitch. 

Jn the seventh column the values of 1 - -s) have been i)ut, and the las 
column is the revolutions which arc calculated froiu the formula — 

101 X \ ^pijcse results have ^ ecu jilotted in curves in terms of D, ai#l are 

p(l - «) 

shown in fig. 253. 

Other examples are given. 



Fic. ‘J53. — :’0U0 I. ll.P. to one Propeller having tliree^Blades. 

Selected width ratio = *275. 

Selected area ratio - '4427. 

S])eed = 2;j knots. 


hhg. 251 shows the curves for the pitipellers of the ^ame vessel, only in 
this c^se there jov. Uo screws: the I.H.P. per screw is therefore 4500. The 
speed being the same, wc get in this case an SO- value of 39*0. * 

Fig. 255 shows the curves for the case of a vess|l of 24,000 I.H.P. There 
are three propellers, ecch thyee-bladed. ^ 

Fig. 256 shows^the* curves for two diHferent cases of large vessels, each 
with four screws. 

• Fig. 257 shows the curves for the propellers ot ttic same vessel as in 
fig. 255, only in this case there arc two screws; I.II.P. per sere, v therefore is 
12,000. 'Vhe speed is the same as before. 

Application of Fronde’s 1908 Paper.— In giving an example ot tne 
method of applying Fronde’s 1908 paper it will be of interest t» assume the 
same 1 . H. I’, and speed as ip a case for which Taylor’s results have been appiied. 
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Tal^o the case of a vessel having ilirec screws, driven hy separate engines, 
each capable of developing 3000 I.H.P. and driving the vessel at li3 knots, 
llcvolutions 500 ])er ininiitc. Propellers to be three-bladed elliptical. 



Assuming that the thrust horse-power is 45 per cent, of the thrust 

horse-T)owcr per propeller 

= 11-3000x0-45 = 1350. 

Let the selected disc area ratio* be *^427 as chosen in one of the cases 
already dealt with. • 

* Disc area ratio is llij ratio of area of propeller blades to area of disc circle^ 
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This problem is similar to that on p. 31-1, ('xn‘i)t Mint, for Fronde’s results, 
we must tix on a definite number of re\olutions. The results, according to 
Taylor, are given in fig. 253. 

Application. — For purpose.s' of design, the (!^ and eur\es arc to be 
used and the method of procedure is as follows: - Select two or more ])itch 
ratios, for which curves on fig. 2K) are drawn, ejj. FO, 1*2, and J*J, and from 
lig. 214 select two values of the disc area ratio, between which the selected 
value — '4127 — lif’s. Take values of '4 and *45. We must determine the 
diamcLcr and efficienc^^ for each of the above values of pitch ratio, for each of 
the two values of the selected disc area ratios. That is, we must obtain in all 
six values of diameter and the coiTcsponding six values of efficicnc3^ 



D/ 2 meters m Feet. 


Ve.ssel of 24,000 I. II.i\ and two Sciews. 

Fig. 2^)7. - 12,000 l.H.P. to each Propeller liaviug throe blades. 

Selected width latio- *275. 

Selected area ratio =*1427. 

Speed = 19 knots. 


In order b' do tnis w*e must first find value.'> of C^. For \alues of we 
have — 

(a) ‘4 disc area ratio. 

From fig. 214 wa see that B — *1(>5 


1350 

BV' •105x(23)'> 


•0500. 


II is in lnmdrod« .if rcvoltitions j»er minute, 
H is ill horse pO\.er, 

V is in knots. 


(6) *15 disc area ratio. 


Ca 


B=107. 

52 X 1350 


= 0490. 


•107 x«(23)'i 

<f we now read oil from fig. 216 the \alucs of corrcsjionding to the 
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above valuer of (\, for ilie pitch ratios wo hav(‘ chosen we ^ot the following; 
values for C,, : - 

I * 

Value of Co corresponding to 


Pitch lalio. 




1 C^ - *0500. 

C^---0490. 

1-u 

' -0285 

■028 

r2 

; -03475 

•03425 

1-4 

•04075 

•04026 

N ow 

c - “ 


and 

,, ICII 

BV^' 



c„ Y2 



1)^11-’ 


and 

C„B' 



Hence, from th^‘ values of C\, and (\ alr<‘adv obtained, we can tind the 
values of L), us \' and K are known (juantities. 

The vabtes of 1) so found are 


Pitch ratio. 

1 Values 

of D. ; 

i (.\^-0500. 

C^='0490. 


1*0 

! 0-09 feet. 

1 

6-08 feet. 

] •2 

1 

j .> a.. ,, 

5 ‘50 ^ 

1-4 

5-10 „ 

5*08 „ 


Efficiency. — b’ro.a lig. 210 we Kind that for a three-bladod elliptical 
propeller of disc, area ratio 0'45, the \fi1ues 0500 and ■0490 give the 
values of c for the different pitch ratios, as in the following table : — 


• 

Value of t corresjwinTfllg to C , 

I*ltch ratio 

• 

• • 



■0500. 

•0490. 

ro ' 

i -7 

i . 

1 -2 

1 -705* 

■7075 

1-4 

• 

1 -68 

•0825 




of Efticieti 



MODEL EXPERIMENTAL RESULTS AND THE DESIGN OF PROPELLERS. 351 

If we draw an ordinate II N T^hrough 11 this will cut the curves of 1) at 
the points K and ]\1. If we then find L such that 

LK ^427* 

MK 500 

we get the value of l> = NL corresponding to the inaximinu e — ItT*^ and 
the dis(5 area ratio *4427. 

A (iorrection for disc arejj rcAo from *15 to *442/ should be applied to 



th(} va4uc of e so found, and is obtained from fig. 21 I. In this case it^is 
negligible. 

Thus maximum c = '/ 0*85 jier cent. 

and l) = .5-fiTfect. * 

• • 

For Pitch Polio. —If we consider *1110 jVoYieller of disc area ratio *15, 
and plot the values of D for this jirojieller as abseissm, and the corre- 
sponding values of the pitch ratio as ordinates, we get a curve A ’5C! D above, 
fig. 259. 

If we s(‘t ofi’ OE — diameter indicated by point M in fig. 258, then the 
ordinate C E in fig. 259 will sliow the pitch ratio of required propeller. This 
is found to be id 3. Tlje same value is found for the pitch ratio ^of *1110 
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point K. If these were different we should 11005 ! to interpolate hetwoeh 
K and M, and so find the value of p corresponding to L. Hence the pitcli 
=i>I) = M:ix5-f)7 = 6*41 feet. 

According to Fronde, Hie ‘^'Analysis” pitch is I ‘02 times the driving 
face pitch. Henee th(‘se values have to he divided by 1 ‘02. Thusy> " I’ll 
and P==G’ 2 y. 

From tig. 2r>3 at oOO revolutions Taylor gives pilch = ()*3 f(‘et, 

and clhciency = 08 per cent. 

Diameter-- 5*8 feet. 



Srxda- of' Arcjx~ Hi i>niUJ7't ft«X. 

Fig. 2G0. — Dimeiisiori.s and Efiiciencies of Scinws. 


Develoj.ing 4800 thrust horso-]>o\vcr at 'Ih knots at 275 involutions per 

} scgim-ntal section. 

- Taylor, et[ual double convex seetion. 

Screws three-bladed disc area latio ’857. 


Hence a final comparison of the results obtained by the Fronde and Taylor 
methods can be obtained. It is sh j\\i\ in the foilowing table : 


Froude 

Taylor 


I Kflicieney. 


. : 70*85 |»t*r c^*nt. 

. i -68 


i Diameter. { Pitch. i Pitch ratio, j 

I . i i 

1^5-07 (cut 1 6"JS feet 1*11 ; 

I 5*8 ,, { 6-3 ,, 1-09 


— which shows a very close agre.ouicnt between their experimental results. 
It should be, however, noted that the forms of p'roude’s blades differ from 
Ta^ylor’s. 
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• 

I'his question of the cfjinparison of the experimental results of l^^'roiidc 
and Taylor has been investigated by Mr T. J>. Abell, 11.C.N.C., and the results 
published in the Transavtions of the Institution of Naval Arvhiterts for 1910. 
In making such a comparison, consideration must be given to the difVeient 
systems employed of fairing the experimental results, the diircrencc in the 
notation in which the results are expressed, and the difference in tlic forms 
of the blades. The chief diifcrences in type of blade ai ^ the proportions of 
boss diameter and of root thickness screw diameter. Taylor’s cxpcrimei?ial 
screws arc much larger than i^/oiide’s, their diameter's being respectively 
16 and 9'6 i»jches. As Taylor only experimented with three-bladed screws, 
the comparison is only made for this type. 

The conclusion of the analysis is that the two sets of results ai'e vei'y 
fairly consistent, due alh^wance being made for the differences noted above. 
The greatest inconsistcMicy is in the variation of efficiency with disc area 
ratio. Fronde states that tlie decrease of efficiency due to alteration in 
the area of a propeller by widening the l)lades is constant for all slips, while 
Taylor states that tin- advantage of narrow blades is greater at large 
than at small values of slip. 

Fig. 260 ohows the rosubs of a case worked out on the two bases. It 
will bo noticed that the pitch of Taylor’s blades are slightly greater than 
Fronde’s, as is also the ' fficienc\ i.ntil wc reach la '’go diameters. This shows 
a fairly close .igreemeiu with the case wc have already dealt with, the res\ilts 
of which arc given on ]>. 352. 

Determinatioi: of Efficiency of Propellers in a Ship from Results 
of Steam Trials —From steam trials giving the relation between I.H.P. 
or S.lT.It revolutions and .speed it is possible for a given design of propeller, 
upon vvhi(^;i model experiments have been made, to detei*minc the efficiency 
of the propellers in the shi]). Taking the case of a turbine-driven vessel 
we have 


S.H.P. - ISOOO Tlevs. = 500. Speed 25 knots. 

1). = 75" 1 Hade area 2871 sq. ins. 

P. — 79" Projected area 2649 „ 

4 shafts Disc area 4418 „ 


By means of Fronde’s curves we can find the propulsive coefli<*ient 
of the vessel, and che efficiency of the sert'w. • 



Analysis. — ^'‘Analysis'' Disc area ratio. — The blade area given above is 
the total area of the outline of the blade to root of the blade. In com- 
puting the total blade area for the ship propeller from the diameter and disc 
area ratio* a discount of 20 per cent, is allowed for the bossing. Hence to* 
obtain the disc area ratio for analysis a correction of _20 per cent, has to be 
applied. 

„ ‘ • 100 2871 

Hence disc area ratio = — - x 

ol) 4448 


= 0*8125. 


^ The Analysis pitch is 2 per cent, greater than the pitcji of the driving 
:face of the screw = 1 *02 x 79" = 80"*68, , 

and . *. “ Anal;^sis ” pitch ratio = “ 1 'I- 


/OL. II. 


23 
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Speed = Kevolutions per minute x Analysis pitch ’ 

= 500 X 80*58 inches per minute 
500 X 80*58 X 60 , 


12x6080 
— 33*13 knots 


knots 


■iiid • sli ratio propeller - speed of ship 

Speed of prop^^ller 

33-13-25 8*13 


3313 

S=--245. 


■ 33-13 


For purposes of analysis of steam trials Fronde recommends the .r, y curve, 
fijr. 215. From the above value for S we have 


^_10133_1-0133_ 


1 - S -755 

and from the curve fjg. 215 y = -00133. 

Now 


p _ JT 
+ O-'V-' 


We know // and have now to find H. The propellers are thrce-bladed 
wide tip. From fig. 211 we get for disc area ratio -8125 a value of 11= -127, 
and from this the Thrust Horse-Power, 

-00133 X -1 27 X 22-074 x (75)-' x (25)-* 


H: 


(12)- X 1*074 


^2118. 


If we assume hull efhciency as unity, and therefore T.H.P. -- F.H.P., 
and write J.ll.P. for S.H.P,, we cannot be very far wrong. 

Then propulsive coefficients 

l.H.i\ 4o00 
• =47-1 per cent. 

HJfficieiiry of Propellar . — From fig. 215. For a; = 1 *3 ) 2 and pitch ratio 1-074 

c = -709. 


44iis is for a tliree-bladed elliptical propeller of G*F5 disc ar<\a ratio. * 

The propeller is a three-bladed wide tip of 0-8125 disc area ratio and 1*074'5 
analysis ” pitch ratio. 

We must therefore apply the following correct ioua : — 

Correct' for throe-blade wide tip = -020 deduction. 

C^orrection due to disc area ratio } j i 

mid ratio from fig. 214 ) = ‘JSJ .Ir.luotKm 

Hence total deduction = -072 


and correct efficiency -= *709 - -072 = *637 
= 63 '7 per cent. 

This assumes that the actual blade is of the same form as Fronde’s “wide 
tip ” blade. ‘ 

We have thus determined the propulsive coefficient of the ship and the 
efficiency of the propeller. 




CHAPTER XXV. 

RELATION BETWEEN INDICATED AND SHAFT 
HORSE-POWER. PROGRESSIVE SPEED TRIALS. 

In rc'clprocaoiti^j: engines tlic powf-r .liiveloped is measured liy means of 
indicators, w deli give a graphical representation of the ]»rcssnres in the 
cylinder during the whole stroke of the piston. Knowing the length of 
stroke, area of ])iston, and nuinhor of r(‘volutions ])er minute, th(‘ horse-powcw 
[levelojiod in tlie e^v..*fler can he calculated. The power thus obtained is 
called the indicated horse-power, or l.H.lk 

With turbines we are mressarily forced to adopt some other method of 
measuring tin* })owcr developed. This is efteeted by the use of torsion 
meters (sometimes called torsiomoters), w'hich register tin* amount of twist 
in a given h'ligth of shafting. From the modulus of rigidity of the shaft, 
its dimenS’ions and revolutions per minute, the amount of horse-jiower actually 
passed through tlie sliaft can be measured. This is known as shaft horse- 
power, or S.H.r. 

For comparison between reciprocating and turbine installations it is 
necessary to know the relation between the I.TT.lh as developed in the 
cylinder and the S. H.F. actually transmitted to the shaft, fn reciprocating 
engines the l.H.lk developed is spent partly in friction of pisLoni^, glands, 
bearings, and tlunist block ; also in the auxiliary machinery which is worked 
off main shaft (air uumps, etc.) ; and the rest is transmitter’ to the scrcAV 
through the shaft. il]x})cri merits Jiave b^cn made to determuie these losses, 
but these could nor be mede on a very large scale owing to the difficulty of 
constructing a dynami. meter capabh' of consuming sufficient jiowcr. From 
the experiments it Avas found that \' 1 \ to fb per cent, of t..o l.H.T. is used 
before reaching the projieller. hi the case of modern vessels the loss may^ 
be as low as 7 per cent., but usually is from 10 to 12 per cent. 

Hence a vessel with n'ciprocating engines, the ni^vure of whose power 
is 10,000 l.H.r., can only diver *1)000 S.H.lb to tlie propellers. The 
efficiency of turbine Tnachiiiery is, however, ^I'ater than reciprocating, so 
that generally for the same boilers a greater S.H.r. is delivered to the 
prop^ilcrs. It is usually considered that the turbine is 15 per cent, 
more efficient in the use of the steam, while the friction losses ...re aboi^t 
2 per cent. • 

Thus, for a given boiler installation, have the following comparison 
between reciprocating and turbine machinery. * ^ 

For every 115 H.P. developed in the turbine we have 100 H.?, in* the 

anr* 
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reciprocating engine. Friction losses are 2 per vvent. in tlie former and 10 
per cent, in the latter. Thus in actual S.H.P. we havi^ 

y 2 X 115\ 

(115 j in the turbine against 

(100- 10) in the reciprocating engine, 

/.e. (115-2-3) : 90 
112-7 : 90 

1-25 : 1. 

Thus, in any system of boilers, if we add 25 per cent, to tlie 8.H.P. that 
would be developed by reciprocating engines, we get the S.II. P. developed 
by the same boilei-s in a turbine. In other \Yords, the turbine is 25 per cent, 
more efficient. Some of this gain is lost in t^propellcr (see Ohap. XXIV.). 

Progressive Speed Trials. — When a sbi]) is ready to be tri(Ml under 
steam a scries of trials is made, as far as possible under the conditions of 
service for which she is intended, with a view to determine the relation 
speed and power, and to test the working of the machinery. For this ])urpose 
the vessel is run at successive speeds over an a])proved course, and records 
ar(' taken of — 

(a) 1 1 evolutions of engines. 

(/O) Pow('r developed. 

(c) Speed of ship. 

(a) lie.vol lit Ions of Emjincs. — These are measured l>y means of mechanical 
counters in the engine-room, and sometimes by gra])hic records on time 
cylinders, 

{h) Power (levelojied. — In the case of reciprocating engines this is measured 
by engine indicators, and by torsiometers in the case of turbines. 

(c) Speed of Ship. — This is taken over a measured distance, usually a 
nautical mile of 6080 feet. Four poles P (fig. 261) arc i)laced on the seashore 
such that tlie lines P P joining them as shown are a mile apart. 

The course taken is perpendicular to these lines, and is shaped by 
compass. In some cases buoys B give the best channel and apiiroximate 
path. The shij/ must be run on the straight liefore reaching the mile, so 
that when she enters the measured mile the speed is uniform Jind up to the 
desired amount. After finishing the mile she is kept on the same course 
for nearly another mile, so that aftci* turning she \vill have sufficient distance; 
to run to get to a uniform speed again when runni.ig through the measured i 
mile in the o])posite direction. * ’ 

(iondiu't of Trial. — Shortly before entering the measured mile the i-elegray 
bell is rung from the bridge to the engine-room as a warning. As soon as Ine 
course is entered a Sg yjj-watch is started and the telegraph bell is again rung 
to the engine-room, so that the counter^ may be read and diagrams or torsio- 
metei- readings taken. Whei^ 'the mile is completed the watch is stopped and 
the telegraph bell rung to engine-room. Thus a complete account of tbe 
revolutions and horse-power while running through the mile is obfeuned, 
together w ith the time taken. 

Sources of Error . — The course may be too oblique or is not straight. 
This will cause an error in the speed measurement. If too short a turn be 
taken, the ship may not be at uniform speed on the return journey. Some 
of t!ie thrust will then be used in acceleration. The rudder may be worked 
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too muclf, causing an ermtic course and also a drag. The other factors 
affecting the results are the tide and wind effects. These arc generally 
present. 

Effects of Tide and Wind . — The effect of the wind may not be the same 
positively and negatively in the two directions on the mile, and may not 
cancel out on both. Helm may have to be carried each way. The effects 
are augmented if the wind is variable. The lofty e'ections of modern 
passenger steamers add appreciable'' to resistance, so that estimates based 
on old steamers or model expt.^ ments alone must be modified to allow tor 
the character of the deck erections. 

The effects of a varying tide during the trial are eliminated by taking 
the Admiralty mean^ or inctni of means. Usually where tides are about two 
miles per hour, for a large ship four runs at each speed is sufficient. For 


\P 



Fig. 261 . 


special accuracy six are made. Tliis is done in the case of sm^d vessels, such 
as torpedo-boats oi’ destroyers. With a tide speed not exceeding one mile 
per hour little inaccuracy W likely to result from taking only two runs. The 
greater the maximum tidal speed the greater^must be the variation in speed 
if the time over which the variation takes place is constant. The rule for the 
mean of nieans in the case of four runs is 

’'=»(»’] + ^^’2 + + ’'4)' •- i 

where and are the individual speedy registered. In the case of six 

runs the rule becomes ^ • 

V = fj(v^ + Sv.j + + Vq).* 

It is essential that the runs should be taken at c(pial intervals 01 time. ^ 
Another method of eliminating the error due to c]»aitgc of tide, and, 
incidentally, to obtain from the records the speed of tide at any time during 
trial, is as follows : — ^ 

Let Vg, etc., be tlie acjtual speeds relatively to the water during*the 
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successive runs, and Vj, Vg, etc. the recorded speeds. Then, supposing the 
first run is against the tide, we have 


tide during run 1 = 


2 = ^2 = ^2 - IcVn 


and so on, where h is practically constant, and will be /e’”' nearly unity. 

The values of etc. can be obtained by observing a floating object 



which is far enough away^ fiK)in tlj<J A’^cssel so as not Ho have its position 
influenced by the wave motion due to the ship’s progress. 

Tf we assume values of Jc and plot t in*tcrid?5 of the time of day at which 
the vuccessive experiments were made, shall get a curve of tide in terms 
of time of day. This curve should be a fair one. The curves d. duced for 
different vabies of yJ' are zigzag in form, but by trying scvcyal values of ^ a 
fair curve can be found. • 

This has been done in a special case, and the curves so obtained*are shown 

in fig. 262. 
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Analysis of Speed Trials. — 1^'or tlic pur[)os'* of nuMlysis of spocd trials 
W. Froude introduced the term “indicated thriiHl,” which is 

^33000 X 1.71. J\ 

pitch of propeller x revolutions 

I'his is the thrust which the propeller woidd he exertin*^ if the force of the 
steam were employed in creating thrust only. It may be divided into the 
following parts : — 

(1) The useful thrust, or ship’s ti*uc resistance. 

(2) The augment of resistance, or thrust dednetion. 

(3) The frictional resistance of propeller. 

(4) Tlie initial or dead-load friction of the engine, due to the weight of 

the moving parts causing friction on tlic bearings, the friction duo 
to piston and glands packings. 

(n) Friction of working load which is due to pressui’e on the bearings due 
to steam. 

(G) Power absorbed in air, feed, and bilge pumps worked oH:' main engines. 

Dead-load Friction of Engine — The use to wiiich the results of the speed 
trials arc put is in the determination of (4), the dead-load friction. This is 
done as follows : — 

Let a., 6, c, r?, fig. 2G3, represent the several values of the indicated thrusts 
as obtained from tlie trials at different speeds. 

A fair (Uirve is drawn through these spots. Wc rc<piir(‘ the shape of the 
curve below the loN\(‘st speed, so as to get the ordinate at zero speed. 

To do this, assume th^thc resistance of a sliiji at low speeds varies as 
and draw a parabo^^f this order so as to form a continuous curve with 
that already obtained. 

Through the lowest point of the curve obtained, a tangent af is drawn 
to the curve and a line ah is drawn parallel to 

Divide Oh at h' so thatVw = 0'S7, and draw a line throtigfe h' parallel 
hh 

to OY to cut af at g. 

Then if gh be drawn parallel to OX, Oh gives the ordinate at zero speed 
which is the indicated thrust required to overcome the dead-l(»ad friction, gk 
is a tangent to the curve at k. 

This construction was made for several cases and gave results which 
coincided so well at the point a and for some distance above it that the 
assumption seems to be justified. 



PART VII 


OSCILLATIONS OF SHIPS. 


CIIAI’TCR XXVI. 

GENERAL CONSIDERATIONS OF THE MOTION OF 
A SHIP WHEN AT SEA. 

When a ship is in motion at sea it is usually acted upon by many forces. 
The wind, the sea, the thrust of the propeller, the action of gravit}^ all pro- 
duce forces varying in amount and direction. To consider the cficct of all 
these forces uiion the vessel, it is necessary for some purposes to consider 
them detail. For instance, for purposes of determination of strength 
locally, it is necessary to consider local forces. For purposes of general 
determination of strength, the forces must be considered in combination. For 
the motion of a ship as a whole, under the action of many forces, we may 
consider these forces in detail, to determine the motions of parts of the 
structure in relation to each other. But these motions in all cases produce 
forces or resistances to relative motion which balance the forces producing 
the motion. The bending of a beam produces resistance, to bending, in the 
form of tension on one side of the beam and compression on the other, to an 
extent that just balances the forces apjdied. But these resistance forces can 
only be developed if the end of the beam, or some part of it, is connected or 
supported to some other part of the structure. The reaction of this support 
will similarly develop resistances in the (ither part of th'* structure, and in 
turn wll demand support from another part, until every part has been acted 
upon and has reacted, and has in each case developed resistance forces afid 
has called for support from adjacent parts. Thus^the whole structure has 
transmitted through it the ^^ffect of each single force, until finally there is 
nothing left to give^upport and the body has to move. It is evident that as 
each resistance force is developed only b^, and exactly to the amount of, each 
apj^lied or reactive force, that these resistance forces m^ist all balance the in- 
ternally applied reactions, and leave finally the external system of f >rces which 
tends to move the body. While these forces balance eagh other internally, 
they cannot be neglected, as we have alrcgidy seen in the part dealing with 
Strength. They are of tlie utmost importance in determining tlrc character 
of the structure and its sgantlings. But, except to the extent which ^haftge 
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of form artbcts tho external forces, they do not affect the actual metion of 
the body as a whole, though they determine the change of form which takes 
place in the body. Thus, as this change of form is generally very small, in 
studying the motion of the striicflurc as a whole, the forces acting from the 
outside may be considered as if they were .acting on a body that is absolutely 
rigid, and contained no material which could change its form, and thereby 
develop resistance forces. 

AVe will consider tlic ctfecit of the forces upon the motion of the body. 

Tr.ike the usual principal planes in a ship as planes of references, with (1 as 
origin (fig. 2G I). 

Instead of studying the complex motion of the shi]) as a whole, we can 
divide the motion into a motion of translation of the C.G. and a motion of 
rotation about it. The rotational motion with which we are now principally 
concerned is that about the axis (f X, and is spoken of as a rolling^' motion. 
If we asume tho ship to rotate about this axis, the wedges of submersion and 



emersion tend to ef,uuiliso, but are not equal, and hence their vertical resultant 
causes a motion of translation of G along i i Z (fig. 26 1). This is called a dipping 
motion^ and wilM)e dealt with hiter. We have also e motion of rotation 
about G Y, which is known as pitching , and will ak ‘ be referred to later. 

A Consideration of the Forces acting upon a Ship when 
inclined in Still Water. — The^"orccs acting on a ship when heeled over 
and in equilibrium will keep her there. These forces (see fig. 265) must 
form a couple, ajqdied in such a manner as to balance the righting couple 
W.GZ. If some of e forces, such as wind pressure, were suddenly 
removccl, we should hhve an unbalanced coupl 3 = W.GZ - whatever is left 
of the external couple. 

This unbalanced couple will be etfective in setting the ship in motion j 
and if there were nti resistance offered, would cause the vessel to be ir a 
continual state of motion. Under these conditions, since the only forces 
actiVig on the shij) are the balanced vertical forces of woight and Imoyancy, 
G cannot move horizontally. Ako, as the displacement is constant, F the 
centre of flotation (tig. 265) cannot have a vertical motion. Hence if we 
drc\v a vertical line F C and a horizontal one G C, an axis through the point 
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C will the “ instantaMeoiis axis of rotation ” of the ship.* This is known 
as “Moseley’s Construction” for ‘the instantaneous axis. Mous. Bertin made 



Fig. 265. 


a scries of oxpei’imeuts on an a<*lual vessel to determine tlu; exact position 
of this axis, and fouia'* it to hv very near the C.fJ. of the ship. 

Consider the general ease of the motion of a body about a fixed axis. .By 



0 • 

. • Fk;. 2C6. 


the pi'iuciple enune^at(Ki by D’Alembert^ ihe ^internal forces balance, and the 
external forces with the for(a*s of inertia reversed form an^other balanced system. 

•jiCt the fixed axis be per{)endieular to the paper through O (fig. 260). 
Let C be the C.C. of body and its coordinates be (.r, //) referred to thc^ixed 
axes 0 X, 0 Y. 

Let V be any particle of mass tn aud•(:l^ y) its coordinates. , Then, if A 

See also p. 424. 
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arjd Y arc the external forces acting on the body in the directions paiallel to 
the axes U X, 0 Y respectively, 


,X = 2W 


d-x 


dt^ 


Y = 

dt:^ 

Shift tlic origin to G, and let {x\ y) be^ithe coordinates of V relative to 
the new axes. * 

Then x — x + x 


also 

=Mi: \ 
:^7>iy ■■= M/7 j 

and 

2???y = o ) 

= 0 j 


and 


since G is the C.G. of body. 
dt'^ 

d^if 


^ fPx , ^ d-x 
di^ dt^ 


-Z- 

di'-^ 


M 


dt- 




^ d‘‘X ^ 
=s0 
dt^ ’ 


Hence if wc substitute in the values of X and Y the values above of 
and y wo obtain 

f d^X , (Px \ _ ]^r d^x 
~ dP 


Kdt^ dt‘‘ ) (iP 


Hence for the motion of translation of Ixxly we can suppose the whole 
of the mass to ])e ct^ai cent rated at the C.G. 



For I’otation about G. In fig. 267 
Let i*G = r 
ar^^ngle PGQ = ^. 
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Th^ the acceleration of P at any time t perpendicular to G P is 
d^O 

d“B 

Hence fofcc of inertia perpendicular to G P of particle at V — 

And total moment of forces of inertia about G 








iPO 


where T is the moment of inertia of body about an axis through G* 
pendicular to the paper. Hence the moment of the ex- 
’ d '"6 

ternal couph is e(pial to • It is this equation that is 

the basis of the matliematical treatment of rolling f)f ^ 
ships. We will now go on to consi'V,* the case of — 

The Simple Pendulum. — This is the simplest case 
of an oscillating body ; and as the eipiations of motion are 
of exactly the same nature is those we have in the case 
of the rolling of .. ship, it is instructive to study the 
motion. 

Let I be the length of pendulum, m the mass of the 
bob (fig. 268), 6 the inclination to the vertical at any 
instant, and T the tension of the string. 

As the motion of the bob is always perpendicular to 
the stl^ng, since the string is assumed to be inelastic, the 
tension T will not affect the motion. 

At any time t the acceleration of the bob in the direction 
of 6 increasing is 


per- 


The resolved force in this direction is 
- m(j sill 

and therefore the cipiation of motion is 



Fig. 2G8. 


dt:^ 


- 7/n/ sin ( 


sin 0 = 0 

dt^ I 


0 ) 


Small oscillatlous.- 
(1) then becomes • 


-1/ 0 smaU, then for sin 0 we can write 6. Equation 


cm 

df 




( 2 ) 


The solution of this eipiation is of the form 

0 — A sin q- IJ cos pty 

where A and B are arbitrary constants, their particular values in any one case 
denendiner upon the circuiAstances of that particular case. 
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From this value of 6 we have 
(P‘6 

— = — Aj(?2 sin })t - cos pf, 
Substituting these values in equation (2) we get 


~ sin 2Jt - cos pt + -(A sin pt + B cos pt) = 0. 

{/ 


.Since the left-hand side of the equation is identically equal to zero for all 
values of we must have the coefficients of sin jtt and cos j^t each separately 
zero. 


kp^ 


or 



Hence the solution of ccjuation (2) is 

^ = A sin B cos . . ■ (3) 

lns])ecting this ecjuation, we see that if 

=a or (27r-f-a) we get the same value for 6 . 

Hence between the times given by 

and / — (27 r+a)A/ - 

^ U " 

tlie motion has gout' tlirougli a complete cycle, and is in precisely the same 
state as before. The time elapsed betxNeen an<l is obviously the lime 
taken to go through this cycle. This time is called the nutthemdiical jteriod 
of the motion, if ^^e dimoti^ this by T we liave 


V (/ 


if 

which is the usual formula for tlic period of a simple p(*ndulum when making 
small oscillations. 

When the motion is not small. 


we have the e(juatioii 61 — 0 


( 1 ) 


This ecpiation cannot be solved exactly, and methods of approximation 
have to be applied. The usual metliod is U» solve for 

(10 

H* we multijily equation (1) all through by 2— we get 

,,P0 dO , .// . ^dO f. 

2 — ~ + 24 sm O-r^O. 
dt^ dt I dt 
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(^1^ = A + ?^ cos 6. where A* is a constant whose value is determined as 
\dtj I 

follows. , 

Let a be the maximum angle of swing from the upright. Then when 

e=a 
do 


it 


= 0 since the pcnuulum is then at rest. 


And .* 


Mid 


2a 

0 = A + y cos a. 

A 

A = - y cos a 

^ (cos 6 - cos a). 

\dt’ I 

*/j{c<)S (9 - cos a) since L 


[f 


(U = 

V'TJ 


dO 


J 2(cos 0 — cos a) 
where T is the time of a small oscillation, 

dO 


V2{c(«6l-oosa) 

J - a 

where is the time of a complete oscillation for an angle a to the upright. 
The above integration has to be performed approximately, and tlio results 


are as follows 

: — 






1 Values of o. 

Small. 

30°. 

60°. 

90°. 120°. 

' 

1 1 

17)0°. 

180°. 

Vuliu's «if Ta : 

1 

T j 

1-017T ' 

i 

1'073T 

r 1 ’ 

i ]‘183T j 1-373T 

1 7G2T 

1 30 


wliere 


’ = 2^Vt 

V a 


P'rom this it will be seen that for angU* of oscillation u]) to 30" from the 
uprighT the period is less than 2 per cent, above that for a small oscillatiui^ 



CHAPTER XX VII. 

UNRESISTED ROLLING IN STILL WATER. 

Definitions. — Tlie Arc of Oscillation is the angle from exf^fene roll to Poij 
to extreme roll to Starboard, or vice versa. This is geuejutly spoken of “ 
from “out to out.’’ The Period is the time taken by the vessel to i 
through the arc of oscillation. This is half the “mathematical period.” 



Period of Oscillation of a Ship in Still Water. —Consider tlie ship 
to he heeled over to an angle 0, fig. 2()9. Let I he the mass moment of 
inertia of ship about the axis jf rotation, which is' assumed to pass 

through C. 

. 

Then 1™=^ external couple, and is reckoned positive in the direction of B 
increasing. 


Hence 




■W.CZ, fig. 2G9, 


or 1^1+ W.CJZ = 0. 

To integrate this e(|uation we must express C Z as some simple function 
0. If ^ IS small we can write GZ = m^, where the inetacentric 

ight. 


3C8 
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Witlj*this assumption the equation becomes 


lff + Wme = 0. 

dt^ . 

(j dt-^ 

where K is the radius of < 2 jyratif'n of the ship about tlie longitudinal axis 
through its C.G., • 

dW (jm.^ /TV 1 

or = 0 ... (1) 

Comparing this with the case of the pendulum, \ | 

we see that the mathematical period of motion is 


V (tm 


or the period of roll, as defined, is given by / V \ ^ \ 

1 = TT A / - . I \ I 

V <pn \ j j 

T is called tiie “Na^'iral Pei’iod ’of the ship. We \ . / 

see that it is independent of B up to the angle at ‘ >/ 

which the C Z curve coincides with its tangent, and • 

that the rolling is ■* Isochronous’' within these limits. 

If the “Metacentric Evolute’’ is the involute of a I 

circle of radius (I M and centre C, we have (fig. 270), | 

GZ = where Q is a point on the “ ^Ietacentri(‘. . 

Evolute ” I 

= arc I'M Fid. 270. 

= 7/l0. 

Near the value 6^ = 0 the M curve is approximately of this nature, and we 
get isochronous rolling for a fairly good range of 0. 

The General Solution of the above ecpiation, comparing it with the 
pendulum case, is seen to he 



which may be writtow 


d = A sin r llcosr A”', 

V K2 V K2 

Low • 

6 — Ami + 1> cos since T ™ tt 

1 i V 


The values of A and B detcT-mincd from the particular circumstances 
of the motion. Thtis, suppose the ship^star^ initially at an angle a to the 
vertical, with angular velocity U. 


Then when 


^ = 0 , 0 = a. 
a = B. 


Also when 


(= 0 , = 


VOL. 11. 
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dO TT . Trt . Tri 

Now T' 

T’ Fl i TN 

... orA = -. 

And for this particular case the solution becomes 

^ TU .Trt wt 
sin - +<*cos - 

TV \ 1 


Similarly, the values of A and B for any other set of conditions may be 
found, the ^(mei’al solution beiiij' the same for all cases. 


We have seen that 


T- 



It is essential, especially in the case of warships, that T should be as large 
as possible. Tlie value of K cannot be altered much, so that ni should be 
kept as small as possible. 

The following are the values of T for a few eases. Knowing 
T and ///, K can be calculated. The ratios of K to B the beam are 
also given. 


\'ess(“l. 

G.M. 

T. 

Values 
of K. 

b. 

K 

1!' 


feet 

! secs. 

, feet 

feet 


“Kesolution” . . . . | 

3-5 

: 7-5 

i 25-4 

' 75 

' '34 

Paris and N<‘W Volk 

TO 

. 10*0 

181 1 

' 03 

•29 

Large Atlantic Linens 

1-5 -2 -5 

5 8-7 

18-8-20 ! 

50 

'38-*4 

(400 feet and over) 

1 





Gunlioats and Destroyers 

2-0-2 5 

5-2 

5 -7-1 2 -8 

24 

'24- *53 


In small boats K is small, and so T cannot be very great. 

Cargo-car lying vessels, when light, till up their ballast tanks. This may 
cause a great C M, and hence a very quick rolling ship. To get over this 
difficulty various methods of fitting these tanks have been .suggested. Two 
of the best known are shown in fig. 'll\. 

If the GZ Curve is a Sine Curve. — This is the case of a sub- 
marine or circular vessel. Tt 'a sometimes true for an ordinary vessel 
up to a fairly large angle of heel. In this case (see fig. 271') M is 
a'C the centre of the circle and 


<jlZ = GM sin B 
= 7)1 sin B. 

Thus the equation of roll becomes 

d'^B 7^^ ' n n 

This is precisely the same case as for large o.sciiJations of a pendulum, and 
has alisaa^dy been dealt with. See p. 366. 
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In the report on tl?e loss .of II.M.S. “Captain," Professor llankine 
proposed a solution foi* a low '‘reeboard ship, lie considered the curve 





dray’s i’uteiit. Rayltoii-Dixuu's Pati'iit. 

Fic. 271. 


to be a curve of sines. Suppose such a. vessel to have a range of K' 

and to 1 m ‘ oscillating to an angle a. Then, if we find cb such that ^ ’ 

^ 180 K 

we shoind expect that the period at angle' a would exceed the period for 
a small roll in the same ratio that the period of 
a pendulum at degrees exceeds the period fo»* 
a small oscillation (h' the peudiiliun ; ej/. - Let 
R- CAY and a = 30 '. 

Then = or .i = !)0'’, 

ISO 00 ^ 

and from the talde given on page 8G7 the ratio is 
1T83. Thus the period of ship rolling through 30^ 
should be IT 83 times the period when rolling 
through a small angle. ^ 

Unresisted Still -Water Rolling in the 
Case *of Vessels of Small Metacentric 

Height. — It was pointed out by Professor | 

Scribanti in 1 904 that in the ca^e of a vessel . 

with small metacentric hei^it the approxiyiation I 

for (tZ — will ffSid to erroneous rcs^ilts. • We Fm. 272. 

have seen that the ecpiation of unresisted rolling is 



dW 

df^ 




Scribanti assumes that, in the region of me waterline, the ship has vertical 
sides. Hence the “ wall-sidtfd ” formula for the value of CZ in the case* of a 
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rectangular box will apply. This formula 

(V/j = sin ^((IM + n3M tarn 6).* 

If ^ is small we can write 

0 = sin 0 = tan 0, 

Hence the equation of roll becomes 

dt- K- , 

Where BM = p. 

This differs from eq\iation (1), p. 369, in the last term. It should be noted 

* Wall-sided Formula. — If a wall-sided ship be inclined, tljuu within the region of 
wall-sidedness the inclined waterline W, L, passes through C tlie centre of W L (fig. 273), 
Let Il„ llj he the C. it in upriglit and W'hen inclined throiigli angle 6 respectively. Let x, y 



I 

l'’io. 273. 


be the shift of C.B. parallel to and perpendicular to W L respectively. An eleniontal 
length dl of submerged and emerged wedges forms triangular prisms. 

Let h be the half-breadth of ship at this elemental wedge, are the centres of gravity . 
of wedges, and per}>endicuiVir to W L. Then f/^and tan O', 

Volume of (demental wedge v~ lb' tan Bdl. Let Y he volume of displacement ofsliip. 

'• Tlien Vx tan Qdl1,h 

-tan tan d 

where I is the moment of inertia of the waterplone W L alnmt its centre line. 

Similarly, \ y = -h 

= tan x,dl\b tan 0 
, =Uan“02i/rv>Z 
= i I tan" B. 

.rt- L tan 0 - B„M tan and y-- — i tan- B - tan” 0. 

Now GZ = X cos B + y sin 0 - ByG sin B 

— sin 0(ByM-l- iB„M tair 6 ~ B/l) 

= sin 0(GM + ^B(,M tan^ 0), 
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th^t th» smaller m is, thep smaller is the secoiul term, and the motion depends 
more upon the value of p than 7n. The solution of the above er[uation is of a 
very complex nature, and leads to the following results. 

If is the period calculated from the equation and T tlie period 

calculated from the formula T — tt/ ^5", 

V (Wl 


(a) Kor a battleshi]) of (1 M 3 feet 

(l>) P'or a large Atlantic Ifticr of weak initial stability, (J M 
I inches ......... 

(c) As an extreme case of very weak initial stability, (.1 M — 
ir inch. ......... 


ha 

T 


= 1 * 04 . 


-^ = 1 - 31 . 


T 


- 2 - 98 . 


{Scribanti al^o studied the case in which //i = 0. Then equation becomes 






The rolling is not now isochronous. The solution of this ejpiation is 

a V (jp 

where a is the maximum angle from the upright. Thus the greater thc*angle 
rolled through the smaller is the period. Scribanti veri- 
fied the results by making experiments upon a model. 

Stresses set up in a Body due to Harmonic 
Oscillations. — Take the case of a rigid body suspended 
by an axis through 0, fig. 274. Let O be its centre of 
gravity, distant h from 0. 

Let 6 be the inclination of 0(1 to the vertical. M 
the mass of the pendulum. Then the equation of motion 
of the body is 

+ sin ^ = 0 

where K is the radius of gyration of body about O. 

ePO oh . ^ ri 

If ^ is small we get the usual equation for haraionie 
oscillations, viz. 

'^“^ + •^^ = 0. • 

dt\ i;-! 

Now consider j^iass m distant I from 0.*^Let a be the I 

maximum angle reached. Then, neglecting sign, the | 

maximum value of ^ is -^—a. 274. 

Hence the maxiniuni linear acceleration of the small mass will be 

7 




374 


THE DESIGN AND CONSTRUCTION OF SHI?S. 


T}iat is, n force is actinj^ ou this smalJ mass. Similar forces arc acting 

on all other parts of the body, and these will induce stresses. IMie stresses 
induced in this manner due to lleaving and latching have been dealt with iii 
Vol. 1. If we now consider the case of Rolling, our ecpiation is 


'E+'^d^o. 


lienee, for maximum roll a, the force acting on a mass distant I from 
the axis of oscillation is 



If T is small and a is large, which is often the case, we then get large 
transverse forces on bodies that are distant from the axis of oscillation, such 
as bodies at the top of a mast. This problem was investigated in the (ras^ 
of the loss of H.M.S. “Atalanta.'’ She was a vessel of 1075 tons, (tM 
() feet and T I'j* seconds for a roll from 10 to leeward to 25° to windw'ard. 
Assuming harmonic roll through the mean angle 521/ w'c get 

TT- 52.t 

(4-75)2^ iso’' 


Thus, at a ]joint 100 feet above axis of oscdlation, lineal* acceleiation 
ft 

--- 21*8 and therefore at this point a. body would receive a transverse 
sec.'-^ 


force of magnitude times its weight, i.e. more than ( the weight ol the 


body. 

in the case of a mast, each part will havi‘ a transverse force acting upon 
it, the magnitude of which will depend upon its weight and distance from the 
axis of oscillation. Thus the problem is similar to a beam loaded in a definite 
manner, fixed at one end — viz. the deck — and having intermediate supports 
such as shrouds. 
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RESISTED ROLLING IN STILL WATER 
(EXPERIMENTAL INVESTIGATIONS). 


It is evident tluit if there wero no resistances to the rolling of a shi]), once 
a motion was started it would ne\Lr cease. 

The main natural causes of resi‘='u'ucc to rolling arc — 

I. Skin f 'ictional resistaiRC. 

II. Keel resistances, i.e. the a<-tion of bilge keels, rudders, and any other 
projection on the outside of th^ ship 

III. Stream-lino action at the bilge keels. 

ly. The formation of surface waves due to the motion of the ship. 

The precise nature of the resistances caused by these and their effect 
upon extinction of rolling will be dealt with lattu\ The method of investi- 
gation employed is to treat the subjci^t — 

(1) Experimentally. 

(2) ihe exiierimental results are analysed and extended mathematically. 
Experimental Investigations. — These have been made by Dr 

Froude, Sir Philip Watts, several French investigators, and various others, 
from time to tin.c, and the laws governing the resistances thoroughly 


analysed. 

To carry out an experiment on a large ship, she is caused to roll by men 
running across the deck, and so timing their motion that they are always 
running up hill. Thus, in the “ Sultan,” a vessel of 9000 tons, ^00 men produced 
a roll of lb” to eaci side. As soon as a good roll is startrd, the men arc 
massed as nearly as possible on the middle line, and at each successive roll 
the extreme angle reached is recorded, and thus a complete history ol the 
damping of the oscillations is obtained. The methods used for measuring the 
angles of roll should be accurate. The chief^methods are — 

(1) Fendulums. 

(2) Gyrostatic apparatus. 

(3) Batten or horizon apparatus. 

(4) Mallock’s rolling indicator. * 

(5) Fronde’s au^uatic recording appanitu^.^ 

We will consider each of these in detail? 

Pendulums.— The value of the pendulum as\an apparatus for 
recording the angle of roll depends upon its vertical position in the ship. 
Suppose we have a pendulum suspended from a point P, ig, 2/5, at hei^it 
h above the axis of oscillation 0. If 0 is ihe inclination to the upright at 


any time ^ the angular velocity of i 
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<{-0 ‘ 

r lias JL transverse; linear aceeleratioa h . Also, as J* is moving in 

(If- 

the arc of a circle of radius /^, it will have a linear acceleration of 

towards 0. Hence if m is the mass of the bob of the pendulum, the forces 

acting upon it are 

(1) m<j vertically, 

(2) transversely, 



IZ) mW-y 




PO, 


isochronous rolling, so that the equation of motion is 


and the pendulum will set itself 
along the line of action of the 
resultant of these force's. 

(2) is zero at the upright and 
a maximum at the maximum 
angle of swing. (.3) is a maxi- 
mum at the iqiright and zero at 
the maximum angle of swing, 
Hence if a is the maximum 
angle of swing, and we assume 


.1 • If 

the maximum value of — is 


and the maximum linear acceleration oi 


Hence the forces acting on pendulum arc as shown in fig. 275, and consisi 
of a vertical force mg^ and a force inf — perpendicular to P 0. 

Thus the pendulum will set itself along the line PQ, making an angle f: 
with the upj'ignt. Pesolving the forces in the direction perpendicular U 
Pm, we have 

2 

mg sin (^3 - a) = cos /3. 


if the angles arc not very large, we can write 



sin (^ - a) = ^ - a. 

and 

cos P—\. 

Then 

vii/(P - a) = rnfia-^, 

and 

. H4i. 


H en^;e 


h TT^ 


represents the error of the pendulrm, and this increases as tlw 
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height di’ suspension al)0\^ the axis of oscillation increases, and also is grc»Ler 
for a vessel of sindl period. Also, as long as the pendulum is above tlie 
axis of oscillation, the recorded angle /i is greater than the real angle n. 
If the pendulum is below the axis, will be*lcss than a. The best position 
is obviously at the axis of oscillation, but as this varies for ditlorent (h'grees 
of lading, there will generally be a slight error. 

By using two iienduliuns, however, wo can get ifb.-, correct value ol a 

and also the position of the of oscillation. iw « 

Let h.y be the heights pendulums above the axis of oscillatioiT, /ij 
and /?o the angles recorded when the ship swings through an angle a. 


Then 


Hence 


a (/ 1“ 


/?l-/^-2_ 






Now /3j, [h] - II,) are known, and T can be lound by actually rolling the 

ship, hence a can be determined. 

Then from the formula 

\ve can lind h., and lioncc the position of the axis of njtation. This method 
has been put into practice and the centre of oscillation has been shuwni to 

be quite close to the 0,(1. of ship. ,111 

In the above mathematical investigation the pendulum luis been assumed 
to be a very short one and of short period. If this w'cre not the pendulum 
would attain a considerable momentum, and hence the ermr woulcl be enlarged. 

(2) Gyrostatic Apparatus for Recording Rollmg.— ibis consists 
of a heavy lly-wlieel spinning around a vortical axis which is supported by 
two gimbal rings. The first ring has its plane vertical and in a longitudinal 
direction The second ring carries the first and has its plane horizontal, and 
is carried on horizontal pivots whose axis is transverse. The principle of 
the apparatus is, that if the wheel be set spinning at a Ingh angular velocity 
its axis will be maintained in direction. In this case the njotion oi the hrst 
ring will measure ihe roll of the ship, and of the second ring wi measure 
the pitch. If the frame of the machine is turned on its side it will measure 

^Tftis apparatus has the advantage of accuracy for still-water rolling. At 
sea there is the disadvantage of not knowing the true vertical, and tJlius 
only the complete arc of oscillation is registered.^ 

(3) Batten or Horiz^jn Al](t)aratUS.--Thesc are more generally used 
than the foregoijif, and have the advantage*of simplicity. One form, fig. .76 
consists of a vertical semicircle, ABC^ graSuated in degrees. At P a bar 
i^ pivoted with sights at each end. An observer keci|s this bar so that the 
line of sights points to the horizon, while another records 

instrument will give the correct roll as long as the horizoifis visible. Atftither 
form 277, consists of vertical battens, and is mpre accurate than the 
pivoted \ar instrument iust described. It consists -pf observation bra^ete 
6 6, each having a slit S. These brackets are fittec^ on the bridge,so nhat 
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the slits are on at>out a level with a man's eye. Vertical battens' B B are 
painted wliite and graduated in a scale of tangents, so that upon looking 
through S at the horizon the tangent of the inclination ol' the ship to the 



Fig. 27C. 

vertical can lie at once read. These instruments can also be used at night 
hy taking obser\ations from a star of known altitude. 

(1) Mallock’s Rolling Indicator (fig. 278). — Tins consists essentially 
of a short cylindrical metal vessel with a glass front, filled with some noii' 
freezing li(piid, and carrying at the centre a light cylindrical box w ith projecting 



vanes, the extremities of which do not approach within I inch of casing. The 
front pivot is carried h;y t'liree threads thus and the top one serves as an 

index. A light circular metal strip is fastened to the moving part and 
' ;^^?atec^. in degrees. Weights tv Crtn be shifted, and so give the wheel a 
iaSb ])Osition and also cause it to form a pendulum of very long 
period. Generally, in air the period is 4 seconds, and in the liquid it is 40 
seconds. The weight of the wheel and vanes and size of central barrel arc so 
adjusted that there is no weighty on the pivots. This is a very reliable 
iiistunnicut, and, together with the vertical battens, form the apparatus usually- 
fitted to war vessels. 
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(5) Froude’s Apparatus. — Tfiis was designed by \V. Fi’oiido order to 
determine accurately the effect Of the resistances to roll cx])erienced by a 
vessel, both in still water and amongst waves. A diagrammatic view of the 



apparatus is shown in fig. 279. It consists of two pendulums, one of very 
long period and the other of v('ry short period. Only the long-period 
pendulum is re(piircd for still-water rolling. 



279.— Froude’.s Automatic Rilling Indicator. / 

• . \ f 

B is the long-period pendulum, and consists of a large /iietal \ hot'l 3 feet 
in diameter, and weighs 200 lbs. It is carried on a l-inCli steel axie, wkicli 
is fixed in a longitudinal direction, and is itself carried iu steel sectors 0 (1. 
The sectors are mounted on spindles, ancf are themselves counterbalanced 
about these spindles by weights W W. There are ivfh of these scejorst at 
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each end' of the wheel a\le. Tlie wheel is weijjjhtipd so that its C.(y. is '006 
inches helow the centre of suspension, and'-its period isyfroin 34-35 seconds, 
and it remains practi(;ally upright as the ship rolls. Sectoi' S is carried by 
B and has a rod geared to It. The weight of r, is balanced about by 
means of weight a-,. Hod r., carries the pivot and oscillates about Pg? which 
is part of the framework of the machine. ?•., is balanced about 7^0 by weight 
At the lower cn^ of 7\, there is a third rod pivoting about and 
carrying a stylo /, and a balance-weight w.^. 

' A is the short-])eriod pendulum, which consists of a brass tube 2| inches 
diameter, 20 inches long, and is filled with lead, and carried on kniie-edges at 
the upper part of the circumference of tlic tube, its period is 0*2 seconds. 
It is connected to a rod which is pivoted about carries the stylo and 
is balanced by 

The stylos v\ and record upon a cylinder which is rotated by clock- 
work, and tlieic is a third pen, not shown, that indicates the time. When 
rolling in a seaway the force is in the direction of the normal to the etiective 
wave slop€% and tin' short-period pendulum A then records the etiective wave- 
slope acting upon the shij). 



CHAPTER XXIX. 

RESISTED ROLLING IN STILL WATER {continued). 

Mathematical Analysis of Experimental Results of Rolling.— 

Saving described the various types of apparatus used to determine the 
"oiling of a ship, we will now proceed to analyse the records so obtained, 
in order to ascertain the laws of extinction. The chief work that has been done 



on this subject in this country is that of W. Fronde, series 

of expdi’iinents upon actual ships, using the apparatus described above, and 
subjecting the record.s to a searching analysis. • 

Analysis of the Records of Froude’s Apparatus for Still-Water 
Resisted Rolling.— In * tl.i^• case* we need only to use the long-period 

pendulum B, fig. ^9. \ . n n 

The apparatus then gives us the wafy curve as shown in fig. J8U. Hy 
dri^wing vertical lines as shown through the points of mar'^mnni and minimum 
■ordinates we find that AB, BO, etc., are all equal, so that the period of 
rolling is practically constant. ' * 

We can put the dotted curves shown though the points of maxima and 
minima. Tf we then square across from A, B, 0, etc., to the dofted curves, 
the base line should biseci! these lines. Tf the wheel has any motioa of*its 

9Q1 
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own, the hasc line will not bisect them, hi tliis Cttse we bisect the ordinates 
and put a curve M tnrough these points as shown. Thc'^period of this curve 
is the same as that of the wheel, i.e. 34-35 seconds. The true rolling of the 
ship should be measured from tin's curve. Tf we do this for the dotted curve 
above and set off the orriinates to a base of number of rolls, we get a curve 


A 



Flo. 281. — Curve of Declining Angles, 

like tig. 281, which is called the “Curve of Declining Angles.” (JVote . — If 
A F re])resenls the angle rolled to port, (' K re])rosenls the succ(‘(‘ding roll to 
starboard, and so on.) 

Draw C P* and F 1) i)arallel to the base line. We can consiib'r A P> as tlie 
decrement (ft roll in the fii'st complete swing, i.e. from 0^ to Cl.) the 
decrement fi’oni 0., to 0.^, and so on. Thus w'e <;an express the decrement of 



roll in terms of the n.ean angle for the two sides ; i.e., if Al> = S^p express 
in term.s of ^ 

We can thus draw the curve in lig. 282, in which the absejssa) 
show the mean angles of roll, and the ordinates show the correspond- 
ing decrements. , This curve is called the “ Curve of Extinction/^ 
and may be considered as consisting partly of a straight line 0 B and partly 
of a parahc-la () A. Its ecpiation is 

p =.60 = 00 -^ 1 $'^. 
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S’rench experimenters ali^o carried*out a series of experiments An rolling. 
These were analysed by M. BortUi. He states that the#0 part was not very 
iistinguisliable, and that the rcsnlts were giTen quite well by 


Attempts ivere*made by Fronde to account for the a and coefficients 
n the above formula from the nature of the various Tc.^istauces ac.ting upon 
Ihe ship. Mathematical considers, ons led to the following results. ^ 

The a coefficient is prodiiceol by the formation of surface wa^es due to tlie 
notion of the ship. * 

The h coefficient is due to the resistance caused by skin friction, keel 
resistances, and stream-line action. 

The following are values of 'i and h for the vessels named, and were 
obtained either from experiments made upon the vessels themselves or upon 
nodels. 



Period 



Nanio of .Ship. 

T 

Seconds. 

a. 

t h. 

“Sultan” .... 

8-87 

'0267 

■0016 

1 “ Devastation ”... 

675 

•072 

■015 

“ Inconstant” 

8 0 

•035 

•0051 

I “ Inflexible” 

ft 85 1 

•040 

•008 

j Without ,, ,, 

, 775 

7*60 

1 1 

•065 

•0123 

•017 

j -0025 


A Consideration of the Nature of the Resistances that give 
rise to the a and h Constants in Froude’s Formula for the “ Curve 
yf Extinction.” — The following . iathematical consideratior ^ were suggested 
oy W. Fronde, who, after ascertaining the laws of resisted rolling by experi- 
nent, subjected the results to a very searching analysis in order to account 
hr the nature of the resistances experienced. 

I. (L^oiisider a vessel acted upon bv a resistance to rolling whicli varies 
dl? 


dt 


dO , 


Let K, -- be the moment of resistance. 

\it ^ ^ 

Supjjose the ship starts swinging from an angle a to the upright, and swings 
io an angle ft to the iipright on the other side. Then the total work doi^i 
igainst resistance is 




✓ • » 

We assume, for the purposes of analysis, that the ship rolls harmonically, 
ind*that each half-swing from a to 0 and 0 to p takes *place ii’ the time 

T 

— , the half-period of the unresisted oscillation. 

2 


With these assumptions, consider the rolFfrom 6 — a to 6 = 0. • 

The resistance experienced is the same as for a harmonic roll from 0 Jo (». 



384 THE DESIGN ANlp CONSTRUCTION OF 'SHpS. 

We balVc, as our c(|uation of motion, ' 

61 = 0 sin- . 

7ra vt 

energy expended against resistance from = 0 to 0 = a is 

iJ^'r 


But 


cos'"- df. 


Also, when , and wlicn 0=0, t = 0, 

and energy expended 

T 

■-i IT 7r“u,“ o^r/ 7 

.^i-^cos--7j-,d/ 


'/: 

-iK, "/;(■♦»“)» 


t; 

2T- 2 

_ K^7r‘’tt^ 

“ ~4T ‘ 


SimiUivlj^ for the oilier part of the swing from 0 = 0 to 0-/3 the euergi 
expended is — jrp * 

Hence total loss of energy is 


K^tt^ 

4T 




: *Vr,T a[)proxim;dely, 
41 


where 0„i is the mean of a and [3. 

This loss of (uiergj must he eipial to the loss in dynamical stabilitj 
between a and j3. 

Now (hniainical stability at a 

= hv.azdo. 

J 0 

Tn this investigation wc arc assuming liarmonie rolling, and therefor 
small angles of V’Oll in which iVA = mO, where m is the metacentric height 

I'a 

And therefore dynamical stabiliiv at a— W.vi.OdO— l^Xmd'. 
c Similarly, the dynamical stability at ^=iWviy8-.^ 
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lenc^ total loss of dyi??imical stability from a to ^ 

= |Wm(a2-.)82) 

= Wm^(a-/3) 

= Wwt(9J^, 

where B9 = {a- /3) is the decrei. ‘*:L or extinction of roll between successive 
swings. 

Hence *^‘^'26', = Wn,$,M or ^0 = 

41 2\\wT 

and therefore B6 is proportional to the mean angle of swing, or the existence 
of a resistance varying as the first power of the angular velocity gives rise 
to the extinction represented i)y 0 15, fig. 282, and therefore to the a coefficient 
in the formula 

B0 = aei-be'K 

II. Consider the ease in wliich the moment of resistance varies as Y . 

\dt/ 


Let iiioment of resistance. 


We deal with this case in ])recisely the same manner as the preceding 
case. The total work done against the resistance from a to /? is * 

ConsiSering the first part of the above expression, we have 

9 — a sin 

d9 Tra rrt 

— — — cos 
. dt T T 

TT^a^ ■, irt , 

T 

As before, our limits are now 0 and — . 

Hence en^irgy expended from 0 = a to ^ = 0 is 

i,STi t '" 

• ; .‘t 

^ A»2T_ 2^V 

'T-^‘ 3t" -3T2“ 

Similarly, from ^ = 0 to ^ = /?, energy expended = . 


.:yOL. II. 
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Hence total loss of energy 
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whore 


27r" 

= approximately, 

_a +)8 


Equating this, as in the previous case, to the loss of dynamical stability 
we have 


WiuOJO- 




and 


8^y = 4 K,7r‘^ . , 

3 Wwit" , 

and therefore a resistance that varies as rise to the extinction 

represented by 0 A, tig. 282, and therefore to b coefficient in the formula 

he=ae-¥he‘K 

Hence in this formula we have the coefficients a and />, which are respectively 

dB fdB\'^ 

due to a resistance varying as and f — j . 

Tims the general equation of resisted rolling of a ship is 

+ K./^y + W.(iZ - 0, 

dt- V/ \dtj 

and the decrement of 0 corresponding to these resistances is given by 

K j 4 K 


8(9 = 


where 6’,,, is the mean angle of roll from out to out. 

Analysis of the Extinctive Effect produced by the Formation 
of Surface Waves due to the Rolling Motion of a Ship in Still 
W^ater. — As we have already pointed out on ]). 375, one of the causes of 
resistance to rolling of a ship in still watei- is the formation of waves 
due to tlic oscillatory motion of the ship. This is due to the amount 
of difference between the shipshape and a circuh.r form in the region of ^ 
the waterplane. To obtain an insight into the precise nature of the resistant; 
offered in this manner, T)r W. Fronde proposed the following mat.hematy&' 
.malysis. He assumed — 

1. The breadth of ,^he wave varies as the length of the ship. 

IT The length of the wave from crpst to crest is such that its period is 
tlie same as that of the ship. Now the period of a wave of length I is 

'f = (see p. 127), and therefore T varies as the square root of /. The 

V ^ 

p^'riotl of rolling of a ship is T = 7r and therefore, for similar ships, a$ 

V ym 

both K and m are linear dimersions, T will vary as the square root of th0 
linear dimensions. Hence for the period of vt^Ve to equal that of the ship, 
the length of the wave must vary as the linear dimensions of the ship. 
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III. 'fhe height of wa^ varies as the heairi of the shm multiplied by the 
angle of roll. • * ^ 

It is found that, when conducting rolling experiments upon dynamical 
models of ships, the curves of extinction are precisely the same for the models 
as for the actual ships. Thus the decrement of roll must be independent of 
linear dimensions of the ship. 

Now we have seen (p. I.l3) that the energy of a ’ avics as ibh^^ where 
I is its length, h its breadth, and /T "ts height. In this case, if L stands for 
the linear dimensions of the shi|^ uid Q is the angle of roll, then — 

/ varies as L 

n „ h 

h „ „ \.e 

and Ihh- „ „ 

The ship li )s tlierefore, in each roll, to impart to the surrounding water 
an amount of energy that varies as We have seen (p. ‘185) that if the 

ship rolls through an angle and bO is the decrement, the loss of dynamical 
stability is WittB^B, which varies If this decrement is caused by tlie 

formation of the wave, the !ons of dynamical stability must be equal to the 
energy of the wave. 

varies as \^B- 
or SB „ ,, B 

and is independent of the size of th(‘ ship. Hence such a wave will .cf^jiint 
for the “u. ” coetheient in the formula SB - aB -j- bB-. Also, the rolling of the 
ship and the model will be identical, since the decrement is independent of 
linear dimensions. 

Dr W. Fronde gave, as an example of this, a case in which the calculated 
resistance to rolling of a shi]) 150 feet long and period I seconds was 4700 ft.- 
Ibs. The estimated amount of resistance due to surface friction and keel 
effect was 820 ft.-lbs., whicdi h‘ft >880 ft.-lbs. unaccounted for. A ssuming 
that all this was due to the formation of a wave, the dimensions of the wave 
are, length ‘120 ft. from crest to crest and height from hollow to crest 1] ins. 
Thus the wave would be imperceptible under ordinary circa im,^tances. 
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In dealing with this we have to consider the forces acting on the ship due 
merely to the wave structure, as well as the usual forces of stability. i^||ny 
point upon the upper surface of a wave, the resultant will be 
the surface at this point ; hence in the case of a floating, boc^ its 



instantaneous pf.sition of equilibrium will be in the direction normal to the 
surface. In the ease of a ship which penetrates to some extent into the 
water, the portions below the surface are induerjced by the subsurface xvave^ 
slopes, which are less steep than Ht the surface. Hence* the Effective Wave- 
Slope ” acting on the whole body is not as steep as the surface slope ;^so that, 
ii't treating this suliject, if we deal with the surface conditions only, we are 
making an error on the‘'hafe side. 

If w^e consider the wave structure wO notice that columns of water that 
were originally vertical are ndw' inclined towards the crest, as shown in 
fig. 28.S. Hence a deep narrow vessel w'ould always tend co incline towards 
the crest of the w'pve. On the otlier hand, a raft will always have its Hiast 
inclined away from the crest. A ship is an intermediate stage between these 
twb conditions. Hence, due to mere wave structure alone, the tendency to 
roll i^egligible ; and in dealing \v;ith the subject we may confine our attention 
mere)||fv to the efiect of stability on rolling, the equilibrium position belni^ 
assumed normal to the wave surface. 
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FroMde’s GeijieraN Solution for Rolling amongst Wives. -- A 

'mathematical solution was propcfsed by the late Dr Wjf<>onde. In oi-der to 
deal with the subject mathematically he makes the followinji assumptions : — 

(1) The waves form a rcj'ular parallel scrfcs. 

(2) The ship is supposed to be broadside on to the waves and rolling 


(3) The w3,vcs are very long compared to the bean^of the shi]j. 

(4) The rolling is iso(;hronoi»^- or approximately so ; i.e. we may write 

stability = WinO within these L. • 

(5) Variations in virtual weight, due to the wave structure, are neglected. 


r' 




, Iformnl to 
efFeettve 



(6) The lengtli of the wave is so long compareu tu uiic tiiflt its 

form may be assumed to be a sine curve. 

The justification. for these assumptions^ is that the co’^ditions arc the 
worst p<»ssible. 

Let be the inclination of the wave normal to the uiiright (fig. 284). • 

Let B be the inclination of the ship to the upright* 

Then the moment of st^ibility • 

ileiice the equation of motion is 
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row t1. 

V tim 

difibrs from Uie equation for still-water roll by the term in Oy Now 
(9j ih a function of the time, as it obviously changes continuously. To find 
the relation between 0^ and t we assume a sinusoidal wave. Let H be its 



height, 2L its length, and Tj the hall period of wave. Then, with axes as 
shown (fig, 285), the equation to the wave is 


and 


dy 

tr 


ttH 


Try 

L 


$y for a small angle, 


I 


so that the maximum wave-slope is 


ttH 

21 / 


Having now found 6*i in terms of ,r, we must find the connection between 
.r and if, and hence find (9j in terms of t. 

If we measure time from the instant the wave is as shown in the above 
fig. 285, we get 


y f 

l“t; 


and 


TtH Ti’t 


This value of Oy is the wave-slope at O, t secs, after the passage of the mid 
height of the wave. Or, measuring our time from the passage of the trough 
of the wa^e, which is more convenient, we get t 


^ ttH . Trf 


‘ d‘^d . ttA . 4.- e 

Hence — + - — sin = 0 is our ecjuation of motion 

The {solution of this equation consists of a particular and a general solution^ 
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and is effected by the gei^ral methfids of solving differeij£ial equations. The 
solution is / 

^ OL ^ 1 - ^ ^ ^ q’^’ 

in which we Imvo the two constants A and B which depend upon the init^'A 
conditions. If we assume tlrat in tlie trough the incl?iu^ Lion is a and a^-gular 

velocity U, then when ^ = 0, o V and r’rom these we gel 


L , TTt ^ . Trtl UT 
+s.n.J 


T, i_I! 


I 

+ a cos 


T . Trt 


which is Fronde’s general equation for rolling amongst waves. 

If we take this solution and s^^parate out the parts that are influenced by 
the wave, we get 

-ttII 

n 2L Trt T . 7rt\ 

T,2 

UT . Trt Trt 

4- — Sin - — 4- a cos ^ . 

TT I I 

The last two terms are identical with the general solution Ijr unresisted 
rolling^in still water. Wo thus see that the still-water rolling takes place 
just as if the waves had no existence, and the eflcct of the waves is to sup 
pose upon the still-water rolling the motion represented by the first part of 
the above equation. This motior consists of two oimple harmonic motions, one 
being in the ship’s natural period T, and the other in the wave period T^. 
The amplitude of these imposed motions depends directly upon the maximum 

wave-^ope ^ and also upon the ratio of--™. We will now consider in detail 

^ * T 

the mdtions corresponding to the three values of this ratio \^1.) when 

T T 

(11.) when ^ is very .small, and (Hi.) when is large. 

I. Synchronism. — This is the case inVhich the periou of wave is equal 
to the period of the ship, i.e. T = Tj. We can simplify Froude’s general 
equation if we consider the ship to be initially upjjight and at rest in the 
trough. , 

Then a = U — 0, and thc*equation become^} — 


now consider in detail 


T . Trt 

--- siu ~ 

T, T 


. Trt T . Trt 


where jS = ^ = maximum wave-slope. 
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For sjnchronisi' T = Tj, and this value for 6 hccomcs - whfch is in* j 

• ^ 

determinate. 

If we diirorontiatc the nnuierator and denominator with respect to T^, 
wo get — ' 


6 ^ Limit of 


K Trt Ttf T Trt\ 

^^vhenT = T. 


.f(. 


, irt Trt 7rt 

= '-( sin _ cos 


ttA 

T/ 


If we now consider the ship at successive points of the maximum wave- 
slope, we have — 

, , T :IT 5T , 

when f — — — , etc. 

2 ’ 2 

thou 61 = ^, etc., 

which means that when the maximum wave-slope passes under the ship the 

masts are always inclined at ^ to the vertical. 

Also, if we consider the passage of each half wave-length from the trough, 
we ha'v^e — 

when ( = 0, T, 2'J\ .3T, etc. 
then 0 = 0,^, - TrfS, etc,, 


and therefore the passage of each half wave-length adds to the actual 

inclination from the vertical, the masts being inclined in one direction in the 
troughs, and in the opposite direction at the crests, the passage of each 
complete wave adding tt times the maximum wave-slope to the inclination of 
the ship. Hence, in the absence of resistances to rolling, the vessel would 
soon capsize. The result can be represented graphically as follows (see 

tig. 286). In this case the vessel is supposed to be upright and at rest 

in the trough, as shown by position 1. A series of regular waves is 

then supposed to pass in the direction indicated by the arrow, ancL 

the ship takes up successive inchnations as shown, the dotted lines being 
vertical. 

.Thus synchronous rolling must be avoided, ajid this is done ^ 
altering the course of the ship. Also, even if synchronism exists at small 
angles as the angle of roll increases, the period , of the ship does not remain 
constant, and so synchronism breaks dow’n, 

r T . ' • 

11. — When -- is Small. ^ 

This is the case in which T, the period of the ship, is very short, e.g. the 

' * * / 
case of a raft. We have seen that T = 7r* / — , so that a small value of T 

V ym 

corresponds to a large value of wi, the metacentric height. 
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Wit^i the same sin^lifi cation* of the 
general equation a§ is adopted in the case 
of synchronism, we have — 

•*r 

T 

which, when — is small, red: oO 

This is also the equation of the wave-slope. 
-In other words, the inclination of the 
masts to tlij upright is equal to the in- 
clination to Uie horizontal of the tangent 
to the wave ; that is, the masts are in 
the directi<^'Ti of the normal tr the wave- 
surface. 

T 

III. — Wheii is Large. 

This case corresponds to a vessel of 
relatively small metacentric height. With 
the same assumptions as before, our 
equation is 

— ifiLii—/ . -Kt T TtA 

In order to simplify this e.vpr ssion we 
multiply the toi’ins inside the bracket by 
q’ 2 " q ’2 

and the term outside by 


r 2 /T 2 . TTt . TT^ 


. Ttt . Tti\ 

^-1 t^Vt t, tJ . 

• T T 

Then when - is large, or is small, this 
J 1 i • 

reduces to 

/I /D • 

6i = _l^sin-., 


- V -4 





- ■ 
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Fig. 286. -Synchronous Rolling. 
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and therefore the Motion of the ship iA* independent of the wave^, motion, 

T 

excepting that it inh 'enccs her maximum amplitude of roll, which is 
But is small, and therefore the ship oscillates through a smal) angle in her 


■''vn natural period. 

!'his is tlic conditio’, aimed at in designing a steady ship. 

metaceutric heights are 





Hence small 
conducive., to 

steadiness in a seaway. 

Mechanical Illustrations of 
Rolling amongst Waves.— In the 

case of still-water rolling, cxperimeg 
can easily be made on ’^models in 
and the phenoi||Mte|)arefully st; 

In rolling amonnH^es model | 
mcnts are imprj«pft)le owing ||?the 
difficulty of producing in the tank a 
regular scries of waves of convenient 
size and period. We have therefore, in 
order to make a comidetc study of the 
C rolling motion of a ship amongst \vavos, 
to either resort to graphic integration, 
\vhich is a slow process, or else adopt 
some mechanical rei)rescntation of the 
phenomenon. 

Captain Russo’s Navipendu- 

lum. — This is an appai'atus invented 
by Captain Russo of the Royal Italian 
Navy, and may be utilised to study 
both the rcsisied and unresisted rolling 
of a ship in still water or amongst 
Avavos. In this the ship is represented 
by a pendulum-shaped body which he 
calls a navipendulum, and the motion of 
the water is represented by a specially 
constructed apparatus Avhich produces 
precisely the same effect upon the 
motion of the pendulum as the wave 
motion does upon the motion of the 
ship. 

The principle of the navipehdulum 
is that for the purposes of studying the 
transverse rolling of a siiip she may t)e represented by a cylinder whose C.G. 
coincides \i:ith the C.G. of the ship, and tne shape of the section of which is 
an involute ol the metacentric evolute, since the righting couple acting upon 
the cylindei’ in any inclined position Avill be proportional to ' ..he couple acting 
upon the ship when similarly inclined. Thus, if the cylinder be mfede 
dynamically similar to the ship, its motion will be precisely similar to that of 
the' sliij). The })eMuluin is shaped as shown in A A, fig. 287, being supported 
on a platform L by means of steel sectors S, wdiich are shaped to an involute, 
of the metacentric evolute. In order to obtain a resistance corresponding id 
that Experienced by the ship, a sector is attached, the upper part of which 
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is in contact with an elastic band (5 C, and its shape is ol^aiiied experimentally 
from a knowledge the resistance to I'olling in still w^er experienced by the 
ship or its model. 

The principle of the wave-motion apparatus is as follows : — If we consider 
a small line*of particles a 6, fig. 288, lying on the surface of a wave of length 
Jj, height H, and period T, this lire will assume during the passage of the wav«> 





Dyrcchoji- of advance 


Fig. 288 . 


all the positions indicated, the normal always pas*ng through the ])()int T 
which is vertically above O^a licight rolling amonpst waves it 

is the inclination to the normal to the efl^ctivt? wave-slope that determines the 
iMotion. Thus if we can make the base plate L of the nayipendulum, fig. 287, 
assume all the inclinations of a b in their regular order, the motion of the 
pendulum will correspond to that of Iflie ship in a regiflar series of \waves 
This is effected by the mcclmnical device shown in fig. 289, in which the rodt 
r and are caused to turn at the same aifgular velocity, and thife to alwayi 
remain parallel to each other. In this way the line M Mj always pftssei 
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through ii fixed poiii* on the line O Oj produced. By suit^ably proportioning 
r and the motion />, fig. 289, can be made precisely that of a h in fig. 288, 
and hence M Mj is always in the direction of the normal to the effective wave- 
slope. The lever M Mj passes tlv.ough a slot in the base ])latc 1^ of the navi- 
pendulum so that L is always perpendicular to M Mj. Thus there is imposed 
''"non Tj a motion precisely similar to the motion of the normal to the effective 
wavtfiuslope, and hence /he motion of the pendulum is precisely that of the 
ship. 

I’o test the apparatus a pendulum was constructed to represent the case 



gf an actual ship, and the results ' f experiments actually carried out on the 
ship were compared with those given by the ])cndulum, and they were found 
to agree very closely with one another. 

For pui'posos of IcctTtre-room demonstration to students of the effect oi 
imposing a^^wave motion upon the ordinary unresisted and resisted rolliij^ 
motion of a vessel, the author has since 1891 often made use of the followini 
simple apparatus, see fig. 290. ^ ll 

A represents a vessel, and is mounted on curved rockers 11 which represent 
the curve of buoyancy. IVestles B carry a horizontal plate C upon which the 
rockers 11 rest. Attached to A are wiiigs W, which can support weights, and 
hence the moment of inertia of A can be altered, and thus its period of oscilla- 
tion. An index arm I is attached to A, and records oil a scale S the angle of heel. 
In dfder to obtain resistance to rolling, water chambers or similar apparatuj^ 



ROLLING AMONGST WAVES. 


3d7 


may be*placed* inside A.« The apparatus will thus illuArate the* unresisted 
and resisted rolling jn still watei* For the purposes oLfllustrating the rolling 
amongst waves the whole thing is slung up by ineaiw of ropes attached to 


I 



points P and hung from a beam overhead. The whole apparatus then swings 
bodily with a long-period motion, the period of which can be adjusted by 
suitably raising or lowering* the apparatus. ^ We thus get a con'A)ination ol 
the two motions, and by suitable arrangement^ the effects of synchronism and 
similar phenomena may be practically demonstrated. 



CHAPTER XXXI. 


THE GRAPHIC PROCESS OF INTEGRATING THE 
EQUATION OF ROLLING FOR A SHIP. 

Still- W^ater Unresisted Rolling'. — We have seen that the equation of 
motion in still-water unresisted rolling is 

(Pe 

dt^ 




See fig. 291. 


If we assume — we can obtain an exact mathematical solution 

of this. If we assume 
GZ = msin^ we can in- 
tegrate once, but not a 
second time. In general 
(j Z cannot be expressed 
as a simple function of 
and we cannot mathe- 
matically integrate the 
expression at all. We 
have thus to fall back 
upon a graphical pro- 
cess which can be used 
whatever be the nature 
of the (1 Z curve, and is 
a strictly correct solu- 
tion, no assumptions or 
approximations having 
to be made. 

/ k.^ 

— ,.and therefore the abo\e equation majy be 



Fig. 291. 


When 6 is small, 
written — 




GZ 


(t f iXu\ *11 1 ^ 


<f) 


GZ,, 


or, for finite increments. 


\dt) m 
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If we know* G >5, T, ^hid m, we can calculate the 
equation for a smalt finite increnlent and so get 


I 

e ri^t“] 
tb/ con 


rhand Aide of the 
responding incre- 


ment of angular velocity in time supposing St to be small. For our 


purpose the most convenient value for St is 


10 * 


Then Si 


\dt 


\. . „ , , GZ 7r2 T 

' j IS numerically equal to — ~ — 

GZ 1 


1'013T 


where 6 is in circular measure. It is more convenient to work in degrees. 

T /d6\ 

If we express 0 in degrees we get in — secs, the increment aumeri- 

,, , ^ GZ 180 1 

cally equal to.-- ^ 

If now we*lay out a base line AC representing a time 1*013T, fig. 292, 



Fig. 292. 


and draw A 1) perpendicular to A C, and CB making an angle a with AC so 
that the value of tan a is ecpial to the angular velocity of the ship at the 

T 

beginning of an interval ot lime — , and then set up from B a length 


BD = — - and join DC, 


tan /3 


BA + i)B 


AC 


BA . DB 
C 

180 GZ 


AC!'*' AC 


= tan a + - 


1 


TT di 1*013T 


dO . 


dt’^ 


dtr 


where is the angular velocity at* the beginning ot the interval* and 
dt 

is the increment oi angular velocity during the interval. In other 
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words, tanyS is the angular velocity at the end of the interval. Theu 
from AD, by a sim/ar process, we can get the angubir velocity at the 
end of the next interval, and so on. 



Kig. 293. 


Suppose a curve, fig. 293, is drawn such that the abscissa? represent values 
of time, and the ordinates the corresponding values of 0, the inclination of the 



< ^ 1 013 T ! ^ 

Fig 294. 


ship. For convenience this may be called the (6^, t) curve. Then the slope 

d^ 

of the tangent to this curve at any |)oint represents the angular velocity — 


of the sliip at that instant. Thus tany is numerically equal to the anguh.r 
velocity of the ship (it the time represented by 0 M and the inclination P M. 
Then, knowing the ^'alue of GZ corres^xinding to the inclination PM, we can 
carry out the graphic process described above in fig. 292, and so get the slope 

I T 

of the tangent to the (^, i) curve at a time -- secs, later. Now it is thd* 
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,t) ou^ve thai we are t^jying to as this represents lie complete history 
of the rolling motiop. We liave* therefore to work bn iKwards, and, finding 

0 nr 

the slopes of the tangents to the {6, t) curve ^for intervals of sees, by the 

method described, use this to enable us to set out our (^, f) curve. 

Thus, suppose tlic ship to be hehl over initially to an angle AP, fig. 29 
and given airinitial angular velocity U, set out ACrPOKlT and A P^ ^^cr- 
pendicular to AC, so that tana U. Then if we draw Pll parallel ^o B C, 
P R will be the tangent to the t) curve at P. If we then go througli She 
construction given in fig. 292 and find the line C D, this line will be parallel to 

rn 

the tangent to the (^, t) curve at an interval — secs, later. Set out /.F - 

Then if Q is the point on the (0^ t) curve, Q S parallel to D C will be the 
tangent to the (0, t) curve at this point. This is not sufficient information to 
enable us to draw the line (J S as we do not know Q, and we re(piire some 
more knowledge respecting its exact position. This is obtained from the 
following considerations. The first differential of the (0^ t) curve is a curve 
of angular velocities. The second lifFercntial will be a curve of angular 
acceleratioiL;, and therefore a curve of forci^* ex pressed in a difierent scale, or 
a (force, t) curve which is the second differential of the (^, f) curve. There is 
thus this relation betv;een the cairves, that if they be both drawn on the same 
base of the tangents to the (0, t) curve at any two points will intersect 
above the C.C. of the corresponding portion of the (force, t) curve.* 


* hcty = /l.r) be tbe e(]iiatioa of the (force, t) curve 
Then y, = is the equation of the ^ j curve 

and = i*^ the equation of the {d, t) curve. 

From those expressions we have the following I'elations 


(Iv 


f{x) = y. 


Let these curves be as shown in lig. *295. Take any two ordinates whose abscissic are a* 
and x^. Let ;//, //], and ?/o be the ordinates of the three curves at abscissa x, and yb yd, and 


the orditiates ut .r*. Then if .i 


is the abscissa of the C.G. of part A B OD of (force, t) curve, 
\dx 


C'* X ~fx" [ yi\ 


y\ - Vi 


y\-y\ . 


= »'*h/d - *‘?/ i - 


If now we consider the abscissa of the point of^outi^ct of the tangents to the (^, t) 
at the points whose^bscisstc are x and x^. The equation of the curve is 


i points 
From fig. 295 we hav 


equation ( 

y2=A{^\ 

tan a = -f^=:?/, from the preceding formula 
ax 

tan/3- 


clx 


VOL. U. 


20 
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• • , f 

To ivpply tKis Jo our case, the force curve is our (/Z curve.* We have 
• / * 

seen that the nuiueftcal value of 8( j in time - is g 

^dtj 10 ' 

180 iiZ I* 

TT Vi l^T’ 

thus it is more convenient for us to work with vaTu^ of tha with 

• TT m 



(i Z. Our first step is therefore tt) construct a modified force curv i from 

1 on 

our G Z curve by multiplvinj^ all the ordinates l)v . This is shown in 

TT?// 



fig. 296, A coiwenieiit scale is 1° aiAl 1 unit of force. With these 
scales the curve will always start oil' from the origin making an angle of 45“ 
with the base. * 

Now, as before, set out AC^l-Ol^T (fig. 297). Set up Al\=^0^«the 
initial angle of heel. Let If bo the initial angular velocity. Draw through 
Pj^ the line P^ Q at a slope corresponding to*U, that is P^ (^) is parallel to BC 
w'here tan a = U. * 
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Set floUn A F, ^ Ilia] to K L in fig. 2i)G, the value the modified force 
at Now guess in the first portion of the (force, f) ^urve Fj Fg. Guess 
in also the corresponding portion of the (^, t) curve Pg. Scale the mean 
ordinate of the (force, t) curve ' between and Fc, and set it up at B D. 
Join 1) C, then the tangent to the (^, f) curve at Pg is parallel to D C, and also 
*^]ie tangents at P^ and Wy intersect at a pouit li verticalh" over G, the C.G. of 
the (<’orco, t) curve A Fj A.,. 


r 

f r, 


MoJzfud Stalnhtv Curyr 



lirqrre,s of' inc/ntuflo/L 


■T 


4 - 

. (I 


-■-P r 


;^|A7' 

I I 




J- 




b 

4_ 


VAT 


loniT 


Fig. 298. — H.M.S. “ Dcvastatiou.” 

(Tiauliical Integration of Unresisted Rolling in Still Water. 

'1' ' - C *75 secs. aT = — . 

10 


Ihus the tangent to the (^, t) curve at V., is obtained. Then by exactly 
thli same process the tangent at the next increment is found, and so a ' 

series of spots Pj Pj,, etc., on the curve, and the directions of the tangents at 
these points is found, and the curve can be sket(.*hed in. Each step carries 

us forward througli an interval and is self-checking, siiice the ordinate 

A 2 Fg must eipial the ordinate of modified force curve corresponding to the 
angle P 2 . ' 

The above process is one of trial and error, and at first sight appears to 
be rather tedious of application, but when actually solving a problem in l^iis 
mttnner it is found that after a very short time the eye is able to foretell 
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almost ifxactly*the^(liroctioiis of tlTc curves, and j^encir ly the attempt 
proves successful, a^d the secoru^ always is. 

An example worked out by this method is showiAii tig. 29^!. This has 
been done for the “ Devastation.” She is assumed to be heeled over to an 
angle of 2(f degrees and then allowed to roll freely. The points marked 
1, 2, 3, etc., on 0 Y are s"ch that 
when joined 'to V they give the inclina- 
tion of the tangents to the (0, curve at 
the abscissae AT, 2 AT, 3 a x *etc., where 
T 

AT ■= We see in this case that the ship 
becomes upright in time 6 AT, or her period 
of roll is 2 X when started of at 

20 degrees inclination. As the motion is 
unresisted, tlye ship will roll over on the 
other side of the vertical to 20 degrees, and 
the motion will continue indefinitely. 

Construction for finding the Ver- 



Area AFiF.A, in the (force, t) 

Curve. — Make A.,H = .\AAo in fig. 299. 

Bisect F 2 at E. Join EH, and through 
Fj draw F^ K parallel to A Ag. Then the 
vertical line through K also passes through 
G, the C.G. 

Graphic Integration of Resisted Rolling in Still Water. — This is 
an extension of the above. The mathematical equation for resisted rolling u 


(it- 


+ W.GZ. = 0 ; 


and it has been shown mathematically (sec p. 386) that with this equation 
the decrement of 0 is given by 

4 K27r-^,„2 

2WmT 3 WmT^ ’ 

where *6m i« the mean angle of roll from port to starboard. The above 
equation is in circular measure. If we turn it into degrees we get 


IfO 


•2WmV 180 
^ 2VV?«T'^‘3 


80 3 'Ww'P U80/ 




WwT2 180'* 

Companng this wuth Frgude’s equation fqr the decrement of ^^viz.- 
^ SO ~ aOjji + ^where 0,„ 

is#n degrees, we see that 

Ki7r2 

“ 2WmX 

4 KgTT 


.. 2WmT 


b = 


3 V VwTj 
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And therebre the e:knression for tlie resistance mome«it b^poirms 
\\\mT dO 3 WmT’^ 


4 Tr< 


IHOA 




AVhcn rinding the value of Kj and K., in terms of Fronde’s a and b 



constants we had to convert the expressions foi’ ^0 into degrees. In isw 
same manner, the above <*xpression for the resistance moment is in circular 
measure, and for our purpose is required in degrees. Expressing 6 in 
degrees, the resistance moment becomes 



Fig. 301. 


3Ww<T 


dO 


180 dl 

- vvl 


ISObf 

4 7r« \180A 


dt) 


irUL 

L180 


i ^ 
{ 


M zm /do 

dt 4^2 


)’}]■ 


??he resistance moment being necessarily of the dimensions of a weight 
multiplied by a length, the quantity multiplied ^y W in the foregoing 
equation ih the arm of a resistance couple corresponding to GZ of the 
stability couple. I n the graphic integration vve mal^e u^, not of G Z simplyy 
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• m 

but of a* modified which is . Dealing with rhe arm of the resist- 

• TT m 

ance couple in the same way, we get a modified resretance lever which has 
to be added ,to or subtracted from the modified G Z in order to take account 



of the resistance. Multiplying the arm of resistance couple by we get, 
as the modified lever, 

211a de ^ l^/dO'^ 

rr^ dt^ \ ^Tr\dt/ 

• 

This was named by W Fronde, the Resistance hidicatoVy^ and has to be 
added to or subtracted ft'om the modified force according aif the ship is 
swinging awayjrom the upright or towa'^ds i4. 

• To calculate the “ Resistance Indicator”— Take any value of 

say 4“ per second, and from the known values of T, a„and h calculate the 
two terms of the expressfon separately. Let A B, fig. 300, represent the 

first term and B C the sec^md. The first term varies as and if we draw , 
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I ' • r ' fjA 

the straight line 0 B this will represent the first term fi^r all values of 



Fin. 303. — Graphic Integration of Still- Water Resisted Rolling of H.M.S. “ Devastation.” 

o= '072. 
h= - 015 . 

T-=6'75 secs. 



and at 8 f?et per second make' FK =4BC. Th^n a curve through *0 EC K 

will give us the arm of the “llesisiancc Indicator” for all "values of — . 

di c ■ 

Application or the “ Resistance Indicator ” to Graphic Integpra* 
tiort- — As before, make AC=1*1013T, fig. 301. The most convenient scale 
is T=10 inches, then AC=10"''3. Draw ABD perpendicular to AC. 
We make AD the base line of the resistance indicator, so that BRis 
value cof the indicator corresponding to the angular velocity tana. The. 
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^erticalfScale 6f the inthcator curve lias to >)e arraiigr l to suit •this, and it 

s done in the follewiii^ inanntfr : — 

Suppose tan a represents 4 degrees per second, ^ 

• AC = 1 *01 3T seconds, and /. AB = AC tan a 

= 4 X 1*013T degrees. 

Phe scale for*degrccs, measured along A D, is J I degree. Heij 'e the 

listance along A D correspondin. * to 4 degrees per second is 

.,/'4xl 013T . , 

^ AB = inches. 

o 


Similarly for any other angular velocity. Thus the indicator cid \ e can 



be set* up with A D as base, such that any ordinate B^ represents the 
“Resistance Indicator” for the angular velocity tana. 

Having set up the curve in this manner, we proceed in the same way as 
for unresisted motion. ^ 

Su*ppose the vessel to be heeled over to an angle = AP^ fig. 302, and 
given an angular velocity = tana. Draw P^/^ parallel to C H. Set down 
A = ordinate of modified force curve at angle 6^ l^ketoh in the first portion 
of the force curve Fg for unresiMed motion, and guess in thc^ curve Fj/g 
for resiUed motion. Find,* as before, the (?.G. of the effective force curve 
AFi/gAg, the^the tangents to the (B,*) edVve at Pj and Pg must intersect 
Aliove this. Set up H Ti = mean ordinate of A Fj/g K. Then the tangent at 
P- to the {6, t) curve is parallel to BC. We have the additional check that 
and A^Fg must equal the «rdinate of modified force curve £0) the 

angle A^Pj- We go on for increments of The curves of {6,t) and 

FjFjjF^, etc., cross on the base line. Thp dotted curve Fj/j/g, etc., mftettfjthe 




Fig 305. 
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curve Fg Pg,^tc.^ at tlie extreme angle or roll. An example of tjiis method, 
for the same ship m fig. 298 is flrawn, is shown in fig. 303. The values of 
a and b, the constants in the formula of extinction, were obtaineef from 
experiments. As in fig. 298, the ship is supposed to be heeled over to 20° 
from the ufrigfit, in still water, and allowed to roll freely. She becomes 
upright again in time r)*36AT = 0*^'36T, and reaches the extreme angle on the ^ 
other side of l:he upright in time 8AT = 0*8T, the a' reached being 1 
•Rolling amongst Wa. — Resisted and Unresisted.— The 
graphical method of dealing v^eh this differs from that for still water inothe 
fact that the stability is now that given by the inclination to the wave 
normal instead of to the vertical, otherwise the process is exactly the same^ , 
as for still water. v 

We start by drawing 0 A B, the curve of the wave-slope, to a bat j of time 
(see fig. 304). This is generally assumed to be a sine curve. As before, sot 
up our “Besistance Indicator” OB. There is no indicator in the case of 
unresisted rolling. The {0, f) c\irve starts according to the initial conditions 
of heel and angular velocit}^ in precisely the same manner as before. Guess 
in the first part of the (0, f) curve B., The difference between the ordinate 
of this cm re and that of the I'urve of wave-slope gives the inclination for the 
stability, and the ordinate of the modified (tZ curve at this inclination gives 
us the force for unresisted n.lling. We can thus get in our curve Fo, then 
by the process already given wc can get our curve F^/g of effective force. 
The process in this case is rather tedious, but eacli step is self-checking, and • 
the correct solution can bo obtained. An example of the applicaf ’on ©f this 
method to the case of unresisted rolling amongst waves is showui in tig. 305, 
which has been worked out for the same ship as figs. 298 and 303 have been 
drawn. The ship is supposed to be initially at rest in the trough of a wav< 
of maximum slope 10” and of period twice the natural period of ship. She 
reaches a maximum inclination of 16’fi“ at 1’35T, and then comes back to an 
inclination of 0*8” in time 2T from the start. 



CHAPTER XX XU. 

METHOD OF REDUCING ROLLING BY 
BILGE KEELS. 

MECHANiCATi metliocis have been adopted to reduce the rolling of ships. 
External keels increase the resistance. When such a projection is fitted other 
than at the middle line of the ship it us called a bilge keel. The action of 
bilge keels is dittcrent from the other me|liods that have been adopted to 
restrict rolling in that they are fitted on the outside of the ship with the 
intention of developing a greato:C^^istance to motion in the surrounding 
water, whereas the other methods 'depend upon the motion of some loose 
weight or weights which operate against the motion of the ship and arc fitjsBd 
internally, 

W. Froude’s Experiments. — In 1871 Mr W. Froude conducted 
series of experiments on a model of H.M.S. “ Devastation ” in order to test 
the relative efficiency of various depths of bilge keels. The model was made to 
a scale of .^?^-th full size, and was so weighted that its C.G. was in the correct 
position, it floated at the proper waterline, and the period of roll yfix6 pro- 
portional to that of the ship. The model was tried under the following 
conditions : — 

(1) Without bilge pieces. 

(2) With one keel on each side, representing a 21-inch bilge keel in the 
actual ship. 

(3) With one keel on each side, representing a 36-inch bilge keel in the 
actual ship. 

(1) With two keels on each side of same size as in (3). 

(5) With a single keel on each side equivalent to 6 feet in the actual shi^. 

The model was tried in still water, being heeled over to an angle of 
when the middle part of the upper deck edge was just immersed. It was then 
set free and allowed to oscillate iritil coming to rest. The following pre the 
recorded results : — 


Condition. 


(1) No bilge keels 

(2) Single 21" keels on both sides 

(3) ‘ „ ’ 

(4) Double 36" ,, „ 

(5) Single 72" ,, ,, 


1 Number of 

1 Period of .vt! 

Double Rolls before 

Double, Roll, 

coming to rest. 

Seconds. 


o j 

3U 

i‘77 ' ' 

m 1 

V9 ‘ 

S 1 

19 1. 

I 

1*92 1 

1 4 ' 

1 1*99 - 1 

' r 
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% ^ , 

Thu^ fiy^ing iDUge keels has a small ettV*.ct lipoii the period of the ^jessel s roll. 

k single bilge keel *5^ moni effective than two of half the size. 

A series of experiments were carried out with the si/uie model to determine 
the steadying effect of bilge keels when rolling amongst waves of approximately 
the same pefiod as the sliip. It should be noted that these waves are rela- 
tively steeper in tlie case of the nmdel than they would be for the ship, so 
that the resuhs should not be taken as an indicati» - ^f what would be likely 
bo^happen to the ship. The res ’<^s were— 


With a 6-feet Jv eel on each side 

JJ ^ 5J 

„ none. 


Maximum angle reached. 

5 degrees. 

. 13J „ 

model upset. 


This again shows the relative advantage of employing deep keels. 

Mr W. F'ronde also made a series of experiments on full-sized ships. The 
“Greyhound” was fitted with Inlge keels 100 feet long and 3 feet 6 inches 
deep. Another ship, the “ i"er.>eus,” had no bilge keels, but was trimmed 
until she rolled in still water at tb*' ^amo, natural period as the “ Greyhound.” 
These vessels were taken out !(• sea and allowed to roll. It was found that, 
upon all occasions, the “Perseus” rolled just twice as much as the “Grey- 
hound.” The largest rolls i .‘C'mlcd were 23*’ for the “ Perse’ 's” and 11J° 
for the “Greyhound," On one occasion the “Greyhound” was observed 
to be behaving rather worse than usual, and it was found that one 
of her bilge keels had been torn off, it having been fixed on tc np'‘rarily 
with bolts. 

Experiments on the “ Repulse” and “ Revenge.”— These are the 
only experiments carried out in large-sized vessels, and the results obtained are 
of grc%t importancii. From ex])eriments and observations it had betui decided 
that, in ships of large dimensions and inertia, practicable sized bilge keels 
would have very little steadying effect (see ])ago 416). It was therefore 
decided not to lit them to shij of the “ Itoyal Sovereign” clan's, but, for 
purposes of experiment, the “liepulse,”a ship of that class, was fitted with 
bilge keels 200 feet long and 3 feet deep, and tried in company with other 
vessels of her class that liad no bilge keels. One of those vessels, the 
“ Resojution,” had bcMui purposely kept in the same condition of stability as 
the “Repulse.” It was found, when at sea, that the maxifti m angle reached 
by the*“ Resolution ” was 23*’, whereas that for the “Repute” was 11". As 
a result of the experience gained from these trials, it w^is decided to fit all the 
ships of that class with bilge keels. 

In order to throw more light upon the ^^ibject, with the view of obtaining 
information for guidance in future designs, it was arranged that still-water 
rolling experiments should be carried out on the “ Revenge,” a sister ship to 
the “ Resolution.” These *e.xperimcnts were condiu^ed by Dr 11. B. Froude 
and consist of two series. The first series was made before the, bilge keels 
were fittM, and the second *after they had b^en fitted. In each series trials 
were'made by rolling the ship in her coifditiSu of maximnm G.M. and also 
iiFthe condition of the minimum G.M. likely to be reached on ser^dee. 
Trials were also made, when bilge keels had been fit^d, wiih the ship 
uuder way as well as with no heaelfway. The partic^ilars of the iship 
during the trials are — 
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Without Bilge Keels. 

/ With Bilge Keels, 


' 1st Trial. 

2nd Trial. 

1st Trial, 

2nd Trial. 

iMean drau^'lit .... 

i 

. i 27' 6^' 

26' Oi" 

26' Oi 

27' lU" 

Displa/'^nieiit, tons . 

U,300 

13,370 

13,370 

14,620„ 

A^etacenti'ic height, foot . 

3-78 1 

1 3-25 

3-29 

3-86 

Pei iod of single swing, seconds . 

7-6 

8-0 

8-4 

7*75 


Tlie bilge keels were 200 feet long and 3 feet deep. The results of all the 
experiments are given in fig. 306, which arc “ Curves of Declining Angles.” 
The abscissie values correspond to successive swings from port to starboard, 
or vice versa, and the ordinates are the extreme inclinations to the vertical 
for each swing. It will be seen that, starting from an inclination of 6° 
to the vertical, after 18 swings the angle reached is 3|“ without bilge 
keels and 1° with them. Also without bilge keels it takes from 45 to 50 
swings to reduce the angle from 6" to 2", and with bilge keels it only 
takes 8 swings. Another striking effect noticed is that the fitting of the 
keels destroyed the isochronism of the roll at large angles, the period being 
greater at tlie greater angles. 

The effect of headway on rolling is that the rate of extinction is increased 
(see fig. 306). This is apparent from tlie following table, which shows the 
angle of inclination reached by the ship when started initially at o'” from the 
upright. 



I 

Sj>eed of Ship. 

1 

1 


i Nil. 

10 knots. 

i 12 knots. 

. 1 


Degrees. 

Degrees. 

Degrees. I 

A iter 4 swings 

1 2-95 

2 ’35 

2-2 ; 

^ 8 „ 

1-95 

ri2 

i’0r> ; 

M 12 ,, 

' 1 -45 

■of) 

•h'-i ; 


1*15 

1 *20 

1 1 

•25 


13ie reason for this increased^rate of extinction is, when the ship has no 
headway, the rolling motion sets up a corresponding motion in the wafer, and 
once its inertia has been overcome it offers less resistance to the motion of 
the ship* When tmdei way, however, the ship is constantly meeting water 
at rest, and has to be continuously overcoming the inertia of the water at 
rest as she has at the beginning of each roll in still water. This involves a 
greater expenditure of energy 'for . given roll than when in still water, and 
so causes a greater extinctive effect. 

This experience is familiar to those who have noticed that a ship that 
has been going ahead in a rolling sea will roll more when the headway is taken 
off the ship hy stopping the engines. 

Mathematical Analysis of Effect of Bilge Keels. —Consider 
a fttnall elemental area dA, fig. 307, of keel, distant r from the axis 



SccUe oF Anglf' FromVertical in- I>egreei 


MEfboB (DP Deducing by bilge keels. 4'i’5 


of oscillation^ »The law*>of re^ta^co of ^ plane moving norma^Jy through 
a fluid is • 

R = CAV2, 



Nu* ibcr of' Successu'v Swing it 

i 4 JM 1 o s w 75 


St ^le 
Fig. 30G. 


where H i« the resi«tance, (‘ a constant, A the area of the plane, and V 
its velocity. 

(10 

If is the angular velocity of the ship, this law applied to the element 
dA of bilge keel will give us ^ 

R = CdArr~V, / ! \ 


Of 

and the moment of resistance ^ ^ 

will be • \ 

/^A^O’.cA^I)- I I 

where A/^ = J ur I is the cube \ * ^ \ J 

root of^the mean cube of r. 

Comparing this with the formula ^ 

on p. 385 where the rngment of ^ ^ • 

-7- h ' 

dt/ - 

I re. 307. 

we see that = CAP. 

• We have seen, p. 386, that with such a resistance the^decre nent of roll 
is given by ^ 

®=5“*w5r.« 

where 0^ is the mean angle of roll from out^to out. 
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Hence 


Now 

V <J7H, 

And 



4CA/3^ . 
3WK2 

4 CA/3 
= 3 -^e„r 


W , 

when* T = = moment of inertia of ship ahout a lonj^itudinal axis through 

// 

its (5.G. ^ 

In similar ships varies as the displacement, and therefore a given area 
of bilge keel will produce a decrement of roll proportional to tlie displacement 
of the shij), and inversely proportional to the moment of inertia about the axis 
of oscillation. Thus a given area of keel is more effective in a small ship than 
in a large one. Also, with the same form and displacement, and same area of 
bilge keel, the decrement is inversely proportional to the mass moment of 
inertia. This led to the omission of the keek in the vessels of the “ Hoyal 
Soveieign” class, see p 413. 

The reason for the difference between the above* theoretical result and the 
experime‘nts is, that we have assumed the whole of the extinctive effect of 
the keel to be due to head resistances, whereas a considerable amount is due 
to the streaindine action at the keels when the vessel is rolling. 



CHATTER XXX J II. 



MEANS OF RESTRICTING ROLLING BV, 
MOVING WEIGHTS. 

In additicm to keels already considered, various uietliods have been 

lovised by which lulling can ue restricted. These have mostly taken the 
Form of n lotjse weight oi w lights wliich are set in motion by the ship 
rolling, a.id are such thci tneir centre of gravity moves so that a righting 
jouplo is created. 

Water Chambers. — .n l8<Sd Sir Philip Watts made a series of experi- 
ments on the eiVect of Walter chamb(>rs on H.M.S. “ Inllexible.’' These /ere 
fitted atlnvartships, and tlic width across the deck (‘ould be made either 67 * 
Feet, 51 feet, or feet. Several di'pths of water were tried, aim t\ti> effect 
apoii the extinction of rolling observed. The main conclusions wore-- 

(1) Best extinctive effect was obtained with a certain depth of water, 

this being such tliat a w'ave of translation moved across from side to siae 
in tht same period as the ship’s roll. * * 

(2) With this critical depth of water, the resistance begins at a very 
small angle and increases rapidly up to a certain point, and then remains 
practically constant. 

(3) With other depths the resistance <iid not begin until at larger angles, 
md the greater the departure from the critical depth the greater the roll 
had to be before any resistance was observed. 

(4) « At large angles the disadvantage of departure from tlie critical depth ' 

was not marked. Tlie water rushed across the deck in the' lorm of a breaking 
wave dr bore. • 

A comparison was also made between the effect of increasing the depth 
of the bilge keels by 2 feet and t.aking the lull breadth of watx'r chamber 
with ^le wTiter al -its critical depth. Tlu^ results were that the addition to 
the bilge keels ad(led about f extra resistance* to tlm sliip at ordinary angles, 
whereas the water at 5° added three times the original extinctive effeoi, at 
12" once, and at 18^ one-half. So that below 15^ the water cluAnber has 
an enormous extinctive cilcct, and* is the most effective means , of damping 
and preventing oscillations. * 

Sir J. I. TJaornycroft’s Apparatui. — Tn 181)2 Sir J. Thomycroft gave 
the Institution of Naval Architects the results of a series o‘' experiments 
he had made upon a mechanical device to prevent rolling. Tlie apparatus 
is shown in fig. 308, and consists of a bTlllast tank, shaped as shown, inoimted 
upon a shaft, and free to turn completely around.it, the shaft bejng inclined 
aft so that the w'eight tend^^d naturally to |take up a position of equilibrium 
along the centre of the vessel. 
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The motion of the ballast wasfDontrolLd ’by a vva^^er cyliu^^e( contaia'mg a 
piston, and having loaded valves which lighted the re&istance to motion 
offered by the water (pn the piston. The piston was connected to a crank 
on the shaft. This cylinder vyas also available for giving motion to the ; 
ballast, which was effected by an electrical device actuated c by a short 
pcnduliini which was lixed at the C.(*. of the ship. This^ pendulum always 
tends to set itself normal ^ the effective wave-slope, the conso'iucnce being 
that the vessel is ahvays kept normal to this wave-slope, and thus does not 
experience a large; roll, as the greatest slope of the w'ave is about 9 . The 
weight itself, wlien moved out at the greatest distance from the centre line, 
inclined the vessel about ' 2 \ On one occasion the appiiratus was effective in 
reducing the roll at once from 18" to 9”. 

Herr Schlick’s Gyrostatic Apparatus.— This was introduced by 
Dr Sclilick at the 1904 meetings of the Institution of ^iaval Architects. It 
consists essentially of a licavy fly-wheel fixed to a vertical axis that is mounted 
in a case, tli(' case itself Ix'ing mounted on an athwartships shaft, and free 
to oscillate about it. The wheel is caused to rotate very rapidly ; then, as 
tlic vessel rolls, the axis of the wheel tends to move in a vertical fore-and- 
aft plane, and tlius to become inclined to the vertical. Its oscillations are 
damped by means of a brake attached to the outside of the casing, so that 



Fiu. 308. — Thoniycroft’s Stoadying Apparatus. 


the wheel is caused to pitch in the vertical plane with an angular velocity 
proportional to, and in phase with, the roluug couple causing it. The 
gyroscopic action of the wheel has then its maximum effect in preventing roll. 

Tlu; two primary effects of the apparatus ,'ire that, due to the gyroscopic 
action, a couple is induced acting in the direction opposite to that of the 
external rolling couple, and also the period of oscillation of the vessel is 
increased. Hence, due to these causes, the rolling motion is very greatly 
damped. 

Tins aptiaratiis was fixed to a torpedo-boat, and a series of experiments 
was carried out both in still water and at sea. The particulars of the 
gyroscope are:— 


Outside (lianuffer of ffy-wheel 

1 metre. 

IVeight of wheel (without spindle) 

HOC) lbs. 

Peripheral velocity .... 

274*8 feet-seconds. 

Revolutions ])er minute .... 

1600. 

Tiie particulars of tlu; vessel are — 

Length at the waterline .... 

no fefeu. 

FiXtrome breatHh ..... 

u-7 „ 

Mean draught 

3-4 „ 

‘ Disjffaceinent . - . . . 

, .'56'2 tons. 

Metaccnti’ic height ... 

] '64 feet. 

Period of oscillation with gyrd scope at rest 

‘ 2 '068 second; 
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hi still with ^he gyroscope fre<f to move, tiie perioa mcreayea to 

3 seconds. The v^gsel was liecled over to diflerent angles, and the number 
of rolls taken to reduce the inclination to half a degjee was noted \Vlth and 
without the gyroscope. The results were — • 


Angle of 

10 “ 

13“ 40' 


Rf>lls to reduce inclination to 


^^ith Gyroscope, i \V itliout Gyroscope. 

• _ I 

2 I 20 J 

I ! 

3 1 25 


With the apparatus in use at sea the following results were noted 


Arc Oscillatiox. 


j Gvroscope fiva'd. j Gyioscope free. 

i- 1 

I 30“ ' 3^ ! 

I 23“ I r 

' 30= I r to 

1 ' _J 

30 that the total arc, from extreme port to starboard, nevr- exceeded 1^“ 
with the apparatus working freely. ^ # 

Ml Cr^mieu's Apparatus. — Tn 1907 the author made a series oi' modeA* 
BXperiments upon a roll -destroying apparatus invented by I^I. (h-emiou of 
Paris. TJie apnaratus consists essentiall} of chamber shaped to the arc 
of a circle, as shown in fig. 309. This chamber is fixed WxCh the piano of the 



Fig. 309. 


circle in the vortical transverse plane, and is filled with water or some more 
viscoui* liquid. A heavy ball B is placed i* the chamber, and can move in 
the athwartships plane only, its motion being damped by the Ikiuid. The 
apparatus is so arranged U>at there us a phase dittercnee of 180" betwecif the 
motion of the ship and the ball,, and then the righting couple has its 
maximuiii effect. 

The model upon which the experiments wg-e made was 1/4 9th the size of 
an actual 8hip,%nd w'as accurately weigftted and adjusted so that its C.G. 
w?is in the correct position and the model dynamically rqpresc ted the ship. 

Since T = 7 r and both K and mnxre to scale, the period of the njodel 

V ^?n 

was l/7th that of the ship. 

For purposes of experiment the ap]j/aratus was tested against waiter 
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chambers having the same weight.* Two forms of wgiter cham1:(irs were used. 
One was tile ordinary rectangular box form, v nd the othej’*had a restriction in 
the middle and was oj the form indicated in plan in fig. 310. The results 
of the experiments are given in fg. 311 and table. 

It will be noticed that curves C and 1), given by ])lacing plaiA rectangular 
water chaitd)ers with 1 inch depth of water in the model, show an increase in 
the rolling com])ared to<(i.\i-thc normal (jondition, and also lengthen the period 
of roll, ddiis latter effect probably results from, a 
decrease in tlie inetacentric height, due to the pres- 
ence of free water in the ship. 

A comparison of curves h and c with B and C 
shows that a (handed gain lias been effected by using 
d'Ki. 310. only half the same depth of water in the chamber, 

with the same amount of fri'c surfac(5. 

This is because the lesser depth is mor('. Tiearly e({ual to the depth of 
watiu’ in which a wa\e of translation will move acnjss the chamber during 
a single roll. 

By using an obstruction for the jiassage of water at the middle of the 
chamber a still further gain in roll extinction, due to damping, is effected W'itb 
the same wei^dit of water used. (.hmpar<‘ K B, K C, aud K J) w ith B, C, and 1). 

(hirves K, d, and h indicate the best 
n'sults, as with least weight of ap])aratus 
, the longt'st period and (piiekest extinction 
is ohserved. 

T!>o (Jnhuieu apparatus placed in the 
model lias the advantage of occu])ying less 
space than the water chambers, aud, 
owing to the absence of any free li(|uid 
surface, there is no change iu th(} meta- 
ceutric height, as is evidenced by there 
being no change iu the pciriod. 

This apparatus was also tested in a 
model of a shipshajied section that was 
caused to oscillate by being mounted on 
curved rockers B, fig. 312, which were 
shaped to the curve of buoyancy and 
rested on a liorizontal plane. It w^as 
found that, w'itlf the Crthnieu apparatus 
in position, the model when inclined at 
60° conies to rest in 21 seixmds after six double rolls. With no roll-destroying 
apparatus, and body (piite free totiscilliatc, it comes to rest in 20 minutbs after 
240 double rolls. This shows the great effect produced by the apparatus. 

*tJoiiipariug the efrec4‘‘’ of the (hx-miou appai-atifs aud the water chambers 
upon the a])paralus sketched in fig. 312, ut is found that the water chambers 
are rougldj twice as elb'ctive in the Cremieu afiparatus. The iiohse of the 
water chamber is much greatex tbivi the Cremieu apparatus. These chambers 
have b(‘en fitted in soim; warshijis and a passenger ship, but their use \p,8 
soon discontinued.* Tii the case of the jiassengcr ship the rolling was reduced 
Viy the use ol‘ the cjiamber by as mucb as 60 per cent, of the amount of roll 
whieh the ship had when the water chamber wxis empty. Herr Flamm has 
recently iir>^ented a modified form of w^atcr chamber which is said fto give 
satisfactory results. 



Fig 312. 




CirAPTER XXXIV. 

PITCHING AND DIPPING OSCILLATIONS. 

Pitching. — This luis already been considered in Vol. 1., (diapler XXV,, 
where an ..tteuipt Ins bc'on made to determine the stresses prod need in the 
strncturi' of a^ship due 1<> piU‘hin»' amongst a. regular series of vva\es. Here 
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we {ire eoiiecrnod with th(‘ motion of the ship .as it whol(;. The disturbing 
force in this c.aje is the ehang of distribution of bnoyaT'ey due to the ship 
passing tlirougli wa\es obliquely or at right angles to her length. 



1 * 10 . 314 . 


Thus, the effect of ji w.ave as it passcf almig the ship's length is, in fig. 
413, to^hift tlm C.B. forward from to Bj, and hence cause a disturbing 
couple Wa. Then, when the crest passes aft, the C B. mcB^es to B.^ (fig. 314), 
and causes a couple AV^ in the opposite direction to the ^onni^r couple. ^ The 
motion is approximately hflft’inonic, and its magnitude is not as -great as in the 
case of rolling, while the fhiid resistances are mucui greater. Thifs we do not 
get as large angles of pitching as of roll| The period of pitching » afeout 
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half that for roll. A vessel pitchtis heavily j* when s'^eaming <fi^8t agamst a 
head sea because tlie pitching couple ohanget: sign much<. haore rapidly than 
when tfie vessel is at rcf^t or running aV^ay from the sea. 

Combination of Rolling and Pitching. — In 1898 Captain KrilofF of 
the llussian Iinperiril Navy gave to the Institution of Naval Aifchitects the 
results of a series of calculations made upon a vessel to determine the com- 
bined effects of rolling, ^piUhpg, ana’yri' ing when steaming obliquely to a 
regular series of waves. The pirti^ciliars of the ship and waves are — 



lo. 31 5. --Diagram showing the A'ariatioiis of the Amplitudes of Pitching 

and Rolling with the course, head and 8i)eed of the 
Anqditude of Rolling. 

^ ,, Pitchi.ig. 

ship. 

Length of ship ... . . 

350 ft. 

Bekin . .... 

48' 6". 

Draught . . * . . 

19'. 

Displacement . . . 

5000 tons. 

I^iCngth of wav^ ...... 

420 ft. 

Ilciglit . . . . * . 

16' 6". 

l*eriod . . . • .... 

9 seconds. 


• 0 

big. 3 IT) shows the amplitudes of rolling and pitching fo^ the vessel af 
rest, and also moving at 8 knots and 10 knots. The abscisste are the angles , 
which the line motion of ship make»with the line of motion of the wave/ 
Frorn O'* to 90” 'she is steaming away from the waives, and from 90” to 180” 
she is steanung towards th^m. It is instructive to note that, with motion 
aheqd, the amplitude of rolling is^ greatest when* steaming away from the 
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wa'^B, ^nd greater tthe speid if the ahip the smaller the Xngle between 
the line of aavandb^of the ship Ind theuwave at which this maxiihum occurs. 
On the contrary, the amplitude of pitting is greatej when steaming towards 
the waves; but whether steaming away irom or towards the waves, the 
pitching aiflplitude is in each case greater than when the ship is stationary, 

• In the same •manner as syi jhronism in rolling is conducive to violent 
motion, so h is with pitching. author rem^yn. r ,s a case when ;ust olT 

the coast of Newfoundland, ti/- veS^el met a smooth, glassy sea with just a 
slight, almost imperceptibu t^jj^'cll, and the vessel pitched so Lea^dly to 
cause the water to bre^k completely over her bows. Generally, h nvever, the, 
period of the ship for pitciiing is greater than the period of the wa^^e. and w- 
get the effect as in the corresponding case for rolling, which iMis u deait 
with on p. 393. 8cc also p. lU, Yol. IT. 

Heaving Oscillations. — These have already been dealt with m Yol. 1., 
Chapter XX Y., for the case of a ship steaming head to sea and not rolling. 


I 

I 



I 

Fig. 316. 


It was shown there that the passage of the wave relatively to the ship caused 
an inequality in the forces of weight and buoyancy, whi'.-h produces a vertical 
oscillation of the C.G. of the ship. When a ship rolls ab ry I x longifhdinal axis, 
the amount of displaced volume de})ends partly on the form of the ship and 
partly upon the vertical position of that axis. If at any instant the forces of 
weight and buoyancy arc not equal there w ill be a tendency to produce vertical 
oscillations similaf to those due to the passage of the weaves ®wlicn moving 
agaiifet a head sea. The oscillations cafsedtin this way have been called 
“ Dipping Oscillations.’’ ^ 

Dippings OscillaticAlS. — A ship’s complete i:j*iition in rolling has been 
^nsidered as (1) a motion of rotation about an axis through the C.G., and (2) 
the motion of the C.G. itsMf. The former 4ias been already treated, and we 
will now consider the motion of the C^T*, •^vhich must necessarily be in a 
^losed^ath. ^"his may be divided into a vertical and a horizontal oscillation. 
The former is the more important, and w^e will confine otir attention to that 

only. • ’Vi 

When a sliip rolls through a fairly large angle, the incimed waterplane 
may or may not cut off the same volume of dispfacement. If it*does not, the 
unbalanced force will caiSc a vertical or dipping ” oscillation. 
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*J?he sameXffect is ijro&uced if suddel'iljJadd oresubtracUj^%veis)it from 
the ship. Jiuppose this is done and# the vejisel sudden^jf^ rises or sinks a 
distance .r, i\<y. 316. A he the ardij. of the waterplane. Then the force 
actings A. when* ir is tlic weight of a unit volume of water, and if W 
is the weight of the ship in the new condition, its eipiation of niotlbn will be 


\V d-j' , * ^ 


f/h- Aify tn 


and • the ship oscillates liarmonically with a mathematical period 


"’^\/ Am/ 

where I is the tons ])or inch immersion of the shi}). It is found that this 
period is about half the period of roll. ' 

Complete Motion of Axis of Rotation of Ship during a m 
Still Water. —In the Tmnsuctions of the Institution of Naval Architects 
for 19(>9, Mr A. AV. .lohns has endeavoured to build uji the complete motion 
of the axis of rotation for the case in whicli the wedges of submersion and 
emersion arc (.'(pial. lie considers a ship in a perfect iluid, and shows that the 
path is a symmetrical curve of four loojis, the loops intersecting at the C.G. 
Thus the axis passes through the (htJ. when the ship is upriglit, and also 
when sl;e is at her extreme angle of roll on either side. 11 we pass from this 
to the case of an imperfect liuid, tlic lower loops are increased and the upper 
ones diminished. If the ship has bilge keels their ctl’ect is to further increase 
the lower loops, and also to pull the iiitcrsi‘(‘tion ol the curves below the C.O. 
The axis of oscillation will be generally below the waterplane, and tlnfs the 
tendency will be to form surface waves, v.c. the " '‘ocfHcient in the formula 


W^-aO + hd- 


will be increased. 
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WORTH, A.R o-so., <fec. In IV’ kct Size, net Is Od 

THERMO-DYNAMIC PRINCIPLE.^^ OF ENGINE DESIGN.,, By L. Hobbs, net. 5d • 
ENGII^EERING DRAWING AND »ESIGN. By % B. j.ls, Wh.Sc., Ac, 

Vvd. I.- -Practical iJeame. ' Plai%, and riolM. Seventh 7.I)IT10n, - - « 6d 
Vol. 11.— Machine atn* ^'^g- «• Drawing and Design. Fifth Edition, - 4s 6d 

handbook ON TOWN Pi \NN1NG. By J. Julian, letf 68 Od* 

REFUSE DISPOSAL. By IwJ. E. K. MatthKWH. Fully Illustrated, . net. Cs Od 
CIVIL ENGINEERING PRACTICE. By F. Noel Taylihi. 1,086 Ulus., net 258 Od 
THE MAIN DRAINAGEeOF TOWNS. ByF. Noel Taylor. Fully Ulus., not. 12s Cd 
MODERN DESTRUCTOR PRACTICE. By W. F. Goodrich. Fully Jllus., nef 15. Od 
ROAD MAKING AND MAINTENANCE, liy 'J’komas Aitken Second Fd. , net. , 'Jd 
DUSTLESS ROADS; TAR -MACADAM. By J. Walker Smith, - net lOs rd 
MODERN ROAD CONSTRUCTION. By Fkancls Wo<.o, M.Jnst.C.E., -net* 4» ..d 
PETROL MOTORS AND MOTOR CARS. By F. Stiiickdand. Second Ed., net. IBs Od 
MOTOR CAR MECHANISM AND MANAGEMENT. By W. P. Adams. 

Pait I. "Th a Petrol Cap. Tuird Edition, net. 5s Od 

Part IT. — Electrical Cars, ‘ - net. 5b Od 

'CARBUPjETTOPS, VAPORIf’IRS, AND DISTRIBUTING VALVES. By 

Ed. Hi'tlkk, net. 6s Od 

VAPORIZING OF PARAFFIN HIGH-SPEED MOTORS. By Edward 

■ net. 3s (kl 

SCIENCE IN SMITHY ANU FoRGE. By W. ij. Catucart. Second Eiution, 

net. 4 b od 

THE aeroplane. By A. i .lon second Edition, net. Cs Od 

COMPENDIUM OF AVIATION. By Lieut.-Gol. JToekne:S. Poeket Size -net. 2s Ui 
THE PROil M OF FLIGHT. By Pmf II Chatlry. Second Edp ion, net. lOs Od 
THE FORCE OF THE WIND. ' By Prof. IIeubelt Chatli.i, B.Sc net. 3s Od 
STRESSES IN MASONRY. By Prof. IIerhkrt Cuatley, B.Sc., - - -net, 3s 6d 

BUILDING iN EARTHQUAKE COUNTRIES. By A. Monttol, - -net. Bs od 

CENTRAL ELECTRICAL STATIONS (Design, Organisation, al.: - 

Management). By c. TI. Wordinouam, A.k.C. Second Edition, net. 2ia»od 

ELECTRICITY METERS. By H. G. Solomon, net. h.s Od 

TRANSFORMERS. By Prof, II. Bohlk and ]*rof. I). Robertson, - - - net. 21s Od 

ELECTRIC CRAN£ CONSTRUCTION. By G. W. Hill, A W.T.C.E., -net. L>:,s Od 
ELECTRICAL PHiTOMETRY. By Trof. H. Bohlk, 3^1.1 E.E. Fully Ulus., net. 10.? 6d 
ELECTRO-METAHLURGY. By Walter G. McMiilan, F.T C„ F.C.S. Thiiu> 

Edition, Hevii/d and Enlarged bv W. R.. Cooper, Demy 8vo , - - net. 12s Cd 

FLECTR ICAL^ ^ICE IN COLLIERIES. By Prof. 1> Burns. M.E. 

L'JVWJ?!* To>oj.th Edition, Revised. With numerous lllustratimis. , . net, 7s Cd * 

ELECTRniTY IN MINING. ’ y Siemens Bros., L.d., net. lOs Cd 

WIRELESS TELEGRAPHY. By Gustav Eichhorn, Ph.D., - - - ..el. Ss Cd 

TELEGRAPHIC SYSTEMS, and Other Notes. By Aethur Crotch, net 5s Od 
ELECTRICAL RULES AND TABLES (A Poeket-liook of). By John NUtnuo and 

Professor .) AM irmin. Ninktkknth Kd , Revise<l. Poeket size. Leather, net. 6s Od 
ELECTRICAL THEORY AND THE PROBLEM OF THE UNIVERSE. By 

G. W. de Tunzklmakn, nrt. 1.5s Od 

JHE THEORY OF STATICS. By G. Fdnv Yule. Third Edition, - ne^ ins 6d 

WORKS BY W. %!. IVIACQUORN RANKINti, ^LL.D.» &c. 

CIVIL ENGINEERING (A Manual ot). Twenty-Fourth Edition, - 1G« Od 

A MANUAL OF APPLIED MECHANICS. Ninteenth Edition, ■ - - 12b Cd 
A MANUAL 0^ M iCHINERY AND MILLWORK. Seventh Edition,- i2s 6d 
A MANUAL OF THE STEAM ENGINE AND OTHER PRIME MOVERS. 

seventeenth Edition, - - # - 12s Od 

,A MECHANICAL TEXT-BOOK: A Simple Introduction to the Study 

of Mechnnirs. By Prof Kankink and C. EFBAMtER. Fifth Edition, - 9b Od 
USEFUL RULES AND TABLES: For Architects, Builders, Engineers, 

Founders, Mechanics, Shipbuilders, Surveyors, &c. EionTii Edition, lOs C(^ 

WORKS BY PROF. 4. JAIVIIESON, IVl.InSt.C.E. * 

STEAM AND STEAM ENGINES (Advanced), seventeenth Edition, - lOs 6d 
applied MECHANICS AND MECHANICAL «rGINEERING. Vol. I.^ 

Applied Mech'iuics, Cs. net. Vol. 11.— Stren^h of Materials, Cs. Vol. 
in.— Theorv of Structures, 58. Vol. IV. -toy (ffaulics, Cs. net, Vol, V.— 

Theori^of ISfachiiies, 7s Gd. 

IflEAT ENGINES : STEAM, GAS, AND OIL (Elementary Manual of). I -uii- 

TBENTH Edition, llevised and Enlarged hy E. .S. Andrews, B.Se., - - net. 3s Od 

MAGNETISM AND ELECTRICITY fPractical Elementary Mantel of). 

Ninth Edition, . ... P - 3 s cd* 

APPLIED MECHANICS (Elementary Manual of). Tenth Edition, Ro^cd 

by E. A. Andrews, B,. Sc., • Ss 6d 

LONDON : CHARLEsIlRIFFlN & CO., I^TD., EXETER STREET, STRAND, . 
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Fifth Edition, Revised. In I^rge„8vo. I’p. i-xxiv + 5ii. With 255. 
Diagrams, Examples, and T'^bles, and a Chapter on Foundations. l6s. 

THE DESIGN OF STRUCTURES: 

A Practical Treatise on the Building of Bridges, Roofs., &;e. 

Kvj,s. angl;^n. C.E., 

Master of EuKiaeerhip;, Koyal tinivcrsity oftcrelauil, tate WhitMorth Scholar, (fee. 

— Stres.ses and Strains. — Elasticity and Katifmc of Jilatcrials. — Properties 
of Materials as used in Structures. — Mochameal Laws rflatmg to Stresses on Structures — 
External Loads on Beams (supporting Forces). — liendiuR Moments for Fixed Loads. 

— For Moving Loads — Shearing Forces on Beams — Ceutn* of (Jravity and Moment 
of Inertia of Plano Surfaces. — Internal Stresses on Beams, Columns, and ixuig Struts. — 
Braced Girdi rs. — Bollmaiin Tru3.s.— TntpezoKlal Truss. — Fink Tniss.— Warreu Girders. — 
Lattice Girders. — Linvillo Trussi's. — Braced Girders with Curved IGangj'.s. —Cranes. — 
Franvjwork. — Arches. —Poofs. — Deflection of Ginh^rs. — Camber of Girders. — Connections 
►-Plvotted Joints. — Punching, Drilling, and Rivetting. — Bridges, Ixiads, and Stresses; 
Foundations and Piers; Superstructure; Suspension Bridges. — Movable Bridges, Weight. 
— W'md Pressure on Structures, — Lifting Tackle. — Specifleations. — Foundations of 
Buildings — INDUX. 

“We cau unhesitatingly reconunend this work not only to the Student, es the bbst 
Tbxt-Book on the subject, but also to the professional engineer as an bxcbkoingvv,iC^ 
VA.LUA.Bi,R book of reference.” — Mechanical World. 

In Large Crown 8 VO. Pp. i-xiv + 2 ;i 6 . With 201 majpfcratious. 6s. 

AS INTRODDCTION TO THE DESffiH OF BEAM^ 

GIRDERS, AND COLUMNS IN MACHINES AND- STRUCTURES. 

With Examples in Graphic Statics. 

V liY \7ILLIAM H, ATHERTON, M.Sc., M.I.Mech.K 

Contests. — I ntroductop'. — Applied Forces and Ileactious. - J-i<?iii]ibrium of a Beam, — 
Stress, Strain, and Elasticity — Strength of llectangular licams.— Applications. — Non* 
rectangular Beams. — Shearing Action in Beams. — Diagrams of Sle'ari' g Force and Ik-mling 
Momeiit Strength of llollcd Joists. —Moment of Inertia. —Num, rical Applications. — 
Exi« rimcnts on Ihnims. —Deflection of JJeams. — Types of (Jirder, —Braced Girders. — 
Stri'rts Diagrams. — Strength of Columns. — I npex, 

“A very useful source of informatmn. . . . i\ ork wnt/1i'''e commend ▼“'■j- 
hlglily." — Natuie. _ 

Fourth Edition, Thoroughly Revised. Royal 8vo. Pp. i-xxx-i-456. 
With 2^9 IllusLration.s in the Text, and 13 lithographic Plates. Hand* 
.some (..'loth. Price 30s. 

A PRACTICAL TREATISE ON 

BUIDGE CONSTRUCTION: 

Being a Te^xt-Book on the Construction of Br’dgrs in Iron and Steel. ‘ 

FOR THE USE OF STUDENTS, DRAUGHTSME:'!, AND ENGINEERS. 

By T. CLAXTON FIULER, M. Inst. C.E., 

IjiUe Prof of Engineering, University College, Dundee. 

CONTENTS. — Definitions,— Th Opilosition and Balance of Forces. — Bending Strain.—^ 
Grapliic lleprcsentation of Ibrnding Moments.— Comparative Anatomy of Bridges. — 
jj^Gombined or Cuuiimsite Bridges. — Tfioorctieal Weight of Bridges. — Deflection.— Con- 
tinuous (hrders. — Thcon,'*jpal Stn-ngth of Columns.— Desi'pi amd Construction of Struts. 
— Strength and Con.stniir.Lioo of Tic.s. — Stn ngth f»f Iron .ami Steel and Stress in Bridges.— 
Load on Bridges. — Moviihle, Load — Parallel Girders. — Parallel Girders, Weight of Metal 
— Paralohc Girders, Polygonal Triisses, and Curved Girdr*.-s.— -Suspension Bridges tiud 
Arches. Flexible and lligid Omstructiou. — Bowstring Girders. — lUgid Arched Bibs.— (Jon* 
tinuous Girders and Cantilever Briiges^'.-Wind Pressures and Wind Bracing.-— IND^ , 
“'J'he new edition of Mr. Fidler’s work will again occui>y the same onspiCttOui- 
POSiTiON among professional text-books and Ireatibcs as has been accorded to its pre- 
decessors. Souisto, SIMI'I.E, ANU T- ri.L.” — The Engineer. 

LONDON CHARLES ORIFFIN & CO., LTD., EXCTER STREET, STRAND. 



EsoimaEMifG and ubchanics. 

• ^ 

Third Edition, Ihorougkly Rei»sed and Enlarge^, Pp. i-xvi+227, , 
With 60 Plates and 71 other I llustraiionM. Handsome Cloth. 255. net. 

HYDRAULIC POWER * 

And hydraulic mac^^wery. 

'by henry R-.BHJSON, M.Ljst.C.E., F.G.S., 

^BLLOW or king’s COLLak t, LONDON; PROF- BMttKITOS OF CIVIL KNGINKEPINjfJ 
king’s COLLKGK, RTCm KTC. 

Contents — Discharge through Orifices — Flow of Watci through Pipes. — Accunulators 
— Presses and Lifts. — Hoists. — Rams. — Hydraulic Engines, — Pumping Engines. — Capstans. 
— Traversers. — ^Jacks. — Weighing Machines. — Riveters and Shop 7'ools. — P^ AL.g, 
Shearing, and Flanging Machines. — Cranes. — Coal Discharging Machine:). — DriM' .'d 
•Cutters. — Pile Drivers, Excavators, &c. — Hydraulic Machinery applied to Br uges Dock 
Oates, Wheels and Turbines. — Shields. — Various Installations —Meters. — Index. • 

“The standard work on the application ol water power .” — Cassiers Magazine. 


Secojid Edifiotii Qreatlj Enlarged. Pp. i-xiv + 33C. fVith Fronthinece^ 
0 1*2 Plate Sf ano 2V9 other Illustrations. 21 s. net. 

THE PRINCIPLK«r AND CONSTRUCTION OF 

rCMPIKO MACHINERY 

(STEAM AND WATER PRESSURE). 

With Praof’c.).! lllusivditi na of Engines and Pumps applied co Mining, 
Town sVater Supply, Drainage of Lands, &c., also Economy 
and Efficiency Trials of Pumping Machinery. 

By HWBY DAVEY, M.Tnst.C.R, M.Inst.Mech.E.. ct-. 

“By the ‘ouo EngllBh Engineer who probably knows more about Pumping Machinery 

thfin AKT OTHER.’ ... A VOf.UMK KROOKbINO TUR UBSULTS OF LONG EXRERlKNCk AND 
■TtTDT.”— 7*/!^ Enffineer. 


Tn llandsont\C']otIi, with ltH» Illustrations, imluding IG Plates, ami with 
J Many Tablc.s. lOs. Gd. net. 

CENTRI/,UGAL PUMPING MACHINERY. 

. By K. W. 8A KOI'’ ANT. 


Contents. — Historical.— PuLviamcntal Principles. — ^Principles Design.- The Disc. 
— Pump CasinnK.— Pattern Making, Moulding, and Machining. — Various 'J’ypcs of Casings 
—Pumps In »Scrics - Purallel Ccntnfiical Pumps - Charging Apparatus. — 'i’estiiig.—Pipc 
Arrangements and Vulvos.— Maclmiery for Drainage and irrigation — Sewage Pumping 
Machinery. — Machinery lor Docks. — For Salvage of Wrecks. — Fire Pumps — Pumps 
driven hy Steam Turbines.— Itotary Air Pumps. — ^l^umps for Dredging and Conveying 
Solids.— ('utter (icar.— Dredgers. — Transporter Dredgers. —Cost Pnccs. — Index. 

^ “ The letterprL*.ss is miniucndahly clear, us are the illustrations . , , sijT«' to be 

•of value,' ^ 

• In Mtd 'im 8vo. Cloth Pp. i.-xvi + 473. With 345 Illustration*. 18s net. 

MODERN PDMPING AND HYDRAULIC MACHINERY. 

By EDWARD BUTLER, M.I.Mecti.E. • 

• • 

• CJONTENTB.- Tnuro.'.uctory Uura.arks. — Early DirM-acfiug Steam Pumping Engines. — 
Waterworks 1 umping Engines, llotarv Class, — Wat.crworks Pumping Engines, Direct- 
aotlpg Duplex Class, — Dilfcrontial Eon-rotativo Pumping Engines, — Mine Pumpt 
Force Pumps, and Sinklnf; Pumps, — Suction and Delivery if^ves. — Boring AppUancM 
for Artesian Tube WeP^, -Artesian Well or Borehole Plunger and Air-lift Ihiraps. — 
Appliances for Raising I'otroleiim Irora Artesian or Borehole W^olls — Boiler-fped and 
<I«netal Service Piijnps. — Injectors, .let Pumps, antL Ejectors. — Vacuum and ifondenser 
Pumps. — Hydrauii'' Power Pumps, Ram Pumps, and Steam, Air, and Gas-power Dis- 
placement Pumps. — Fire Pumps and High-spaed Blunger Pumps. — Variable-delivery 
Fumns an^Variahle Tninsraission by Hydraulic rower. — Massecuito, Rotary', Oscillating, 
• aad Wiad^wer Pumps. — Txiw-hft and High-lift Centrifugal Pumps. — Hyc’ aulic Power 

- Y^eels. — Index. « 

“ This work is a veritable encyclopaedia . . . with excellent aiid^abundant dia- 
grams.** — Timei Engineering Supplement. 0 » 

See eleo Pr a ctical Hydrayl i cs for Mini n g Stndsnts, Prof. J. Park, p . 55‘^'^ign. Cat. 

, LONDON : CHARLES.QRIFFIN & CO., LTD., ExtxER STREET, STRAND 
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, In Medium 8vo. With over 800 Pj^ges and over 1000 Illustrations. 

^ Cloth. 25s. net. 

.A MANUAL OF CIVIL ENGINEERING PRACTICE, 

Specialty Arranged for the Use of Municipal and County Engineers. 

By F. ITOEL TAYLOR, y'viL ENttiNEEii. r 

Contents.— O rdnaitro Maps.— Chain SurveyA-ig.— .^irveying with Angulur lustm- 
raeuts. — Levelliiifi.— Adjustimait of InstmiuentB.— Mensuration of Areas, Volumes, 
Ac,— Tk.p Mechanics of Engineering, (tc,.— Jieanis. — PWlars, Stanchions and Shafting. 

‘ — Design of Structure. —Arches.— Graphic Statics.— »literials of Construction. — 
Engineering Foundations. — Biickwoik and Ma.sonry.— Mails ^Constructional Car- 
pentering.— Road Materials.— Koad Construction - Reinforciid Concrete Constiuction. 
—Masonry Bridges and Kivei Work — Hydiaulics.— Land Drainage —Pumping Machinery 
and S.,ations.~'rhe I sc of M'atcr-Power.— Main Dtainage. — Sewage Jiisposal.- Koyal 
Commission on Seivagc, Disjiosal. — Salford Sewage AV oiks —Sanitation, IJouse Diainage 
and BO. infection. --Itefuse Disj)o.sal —Water woi ka, Preliminary CunsiMerntions and 
Sources of sujiply — I'onstiuction, Filtratnm aurt Purillcuiiuii.- Watcr-uoiks. — Dis- 
tnimtion — Cliimiievs, Brick and Steel.-- Steel Const! net ion ; Stanchions, Kivets and 
Bolts.— Sleel Constrm'tion ; Beam.s ami Cirdors,- Combined Structuics in lion and 
Steel. — S])Ocitlcati()n — Electiic 'I’rainways —Appendix. — I nukx. 

“ A ven t aide mde met* If m . . . uouJd pio^e an ac<iui.sition to the libritry of any 
Municipal Engineer ’'Siitceiior. 

In Medium 8vo. Pp i*xl i 313. Mblh over 350 Illustrations CIoUi 13s '* . net 

THE MAIN DRAINAGE OF TOWNS. 

Bv F. NOEL TAYLOR, f’ivil Enginoer. 

CONTI’.NTS. — Maps, Plans, Sections, and Prelimiaarj’ Consideration'-' — PrinciytieB of 
Uydruulics and Hydrostatics — Calculations in reftreuce to Dtsign of Sewage Murks. — 
Practical Const-riictiou, Triuiches, and Tunnels. — J-'orins of Si'wers. ■ Ventilation of Si wers. 
—.Manholes, Jiampholea, Storm Overllow.M, etc. — Puiniung Sewage.— lloiihc Drainage. — 

vage l)iHi)oaal from a Theoretical Standpoint. — Sew’agc DiS]ios.al WplkB. — Special 
Ooiiatructious. — T ables.’ -Tnpex. ' ' 

‘'The Autlior may be congratulated on the produetion of a work that can safely be 
jibiced in the Iruids’id student®, ami xvhuh will servi a.s a tul gtii'’/ to llu' municipal 
eiigim er ' - 7'i/nc.'!. __ _ A 

In Medium 8vo. Cloth. Pp. i-xvi t 278. M'ith 110 Iliustratir 153. net. 

-MODERN DESTRUCTOR PRACTICE. 

Bv W. FRANCIS (JOODRICII, Ashoo.Tnst U.E., F.I.S.iri. En^rs. 

CONTE.NT.s. — Somii Alternative Metliods of Eefusc Disposal. — lleprestidutivc Type* 
oi Britieh Destructors. —Systems of Charging Destructors. — Destructora eomhmed with 
8owag' Works. -MTth Electricity Mf'erks. — llefuse Destruction in U.lC.— Site. — Hiiecifl- 
cations. — Design and Operation, — Operative Costs — Residuals, — Foreign and Colonial 
Practice.— I ndex. 

“M'ell BlBsti.ited and thorouglily up-to-date . . . should be in the liiuuls of every # 

engi*'^- T !io IS respomsiblo for dchtrurtor dt'sign or niaintenanee ’'—Stti wi/or. 

Ill IT. indsome Cloth Pj>, 1 -mii -I- 1(50, \V n h s Di ■‘-ob d Dr.iw ing^ and ' 

* Id lllu.str.itions in tiie 'Je.xt O.s. m L. 

refuse: disposal. 

^ llyPRul-. E 1!. .M.\TTIIEWS, .E., K.RSE., ic. 

Contents.- C ol le« tion <*f House ltefu.se — Dnp<isril of Itofnse.— 'Conxeision to* 
Manure 'Destruction by Burning — Tjpes of Destructor.s. — The Mcldrum Destriictor. — 
Heenai! De'-truetor -Other Destructors.- Dawson -.\ianfield JX'stnicior.— Distal latioii.s 
^)r Villagi'.s, M'or.\honse,s, Hosj)itnls, Paetorie.s, etc- t'sc Joi Clinkci.- Chimnej Con- 
biVuction. - N Hcuum Cleaiy,=tg and Du'-t Colleetirg — *’ 

■' Al'^soluti‘]y u-liabie . Ti e value (.1 siicl' a Ti< .itisoto the Municipal Kngiiieer, 

to members of l.ocal Authorities and otheis interested in Hic subject cannot well bj 
(iver-e®tiirot cd,’ — M nmnpal Journey^ ' 

MODERN SEWAOEPURIFSC^ION. B. Kekshaw. [Se..;)a»c 23. 
SEWAGE TREATMENT. Dunbar and Calvert. [ 23. 

TRADE WASTE WATERS. Wilso.n and Calvert. \ „ 23. 

PRACTICAL SANITATION. Dr. Geo. Keii>. | „ 23. 

SANlTARJ ENGINEERING. FraiIcts Wo od. [ „ 23. 

L0ND0|1( : CHARLES GRIFFIN & CO., LTD., EXETER STREET, STRANBl- 



EJI^OINSyjtmG ANJ> MECHANICS, 


Sbvbntbrnth JlfbiTION, Tlior(^liKlily Kevlaed and Ee-eet Throughout, and Greatly 

Bkilarged. Large 8vo. Cloth. Profusely Illustrated. Nearly 1000 Pages. 26s. net. 

A MANUAL OF MARINC ENGINEERING; 

Comprising the Designing, C''nstt action, and 'A/ or king of Marine Machinery. * 

By* A. E. SEATON, M.I.C.E., M.I.Merh.E., M.I.N.A, 

C'OK1%NTS.— General Introd ■'•tion. -Itesisf :ince of ^hips .tii.i Ir cheated Horsr p^' at 
Necessary for Speed — ..j ^,ine.'^ their T>x>e« and ^'ariationa of Design . —Sieam 
used Expiinsively.—fiteam . eci after Expuinaion — Turlmies — K<h(;ieney of Marine 
Enr’nes.—Engiucs, Simple aiK^ Compound.— Uorsc-powei . Ncmunal, Indicat*<, and 
Sliaft or Brake.— General Design and tlie Inlluem-es which efTect it.— The Cylinder and ' 
Its Fittings.— The Pifton, Pis’ton-llod, Connecting-Rod.— Shafting, Cranks and Crank- 
Shafts, Ac —Foundational Redplatcf-, Colunin.s, Guides, and Framing.— Condensers — 
Pumps. — Valves and \ alvo Gear.— ^ alve Diagrani.s.— Piop^llers — Sea-Cocks and ^ alves 
—Auxiliary Machinery. — Boilers, Fuel, Ac.; Evaporat if ui.— Boilers ; Tank Boilei LtBi^n 
and Details — Water-Tube Boilei s. - Boilers Construetion and Detail —Ht Per lowt- 
ings and Fittings.— Fitting in Machinery - Starting and Reversing of Engine*, Ac — - 
Weight and other Paiticnlai.s of Maehineiy relating thereto.— Elici t of M eight, IneiTia, 
and M ''nentum ; BalaiK-ing —Materials used by the Mai me Engineer.— Oil and Lubri- 
cants, Engine Fnetion -’t'ests and Jiials, tlieir Objects and Methods AlM’ENDirKS.— 
Tlie J)ie«c‘l ' nd otliei Oil Engines also bloyd’'^ Knles relating to - \ alveGear - Cotterell’s 
Method ^ f\in&i.i..v:tmg Inert a Curves —Spare Gem, and Jt O.T and oUier Kules. — 
Boilet"; B 0.1 , Lloyd'.-, .^ilinuaU •.Ae.,l{uli’‘<rel'itmgto.—EieetricLiglit,Rules.— 

ty Valves, Kules - T<-,tu M .u lal*, Bub «V( ., Ae.- Inplx. 

* ■ •’ponmnental VC) ' , . up-to-date ’'—d/aruic Ahn/mirr. 

Tvv*:iFni EnrnoN, Uiootughly Revised Throughout and Enlarged. 

^'ocket-Si , ’^.eathcr. I’p i-xix • 713. 8s Od.iut. 

A POCKET-BOOK OF 

MARINE ENGINEERING RULES AND TABLES, 

Fc’’ the Use of Marine Engineers, Naval Architects, Designer^. 

Draughtsmen, Superintendents, and Others. 

With uanous Lloyd's, B 0 Bunau VenLui,, and German Government BnUs. 

Bv A. K. fSEATON, jM.lNyT C.K., M.l. MlcilE., M.I.N.A., and* 

ir. il. KOUKTHWAITE, M.I.Mecii.E., AJ.LN. 

Contents. — M overs on Shipboard. — Engine Power ^loa'fun'ments. — Eiriciency 
oi Marine Machine ITopulbion of Slitps and lUsi.dancc. — Compound Engines. — Steam 
Expanding and Dong Work. — Piston Speeda and Revolutions ot Engines — Cylindei!4,— 
Pistons.— Piston Connecting Bods— Shaft mg. —Thrust Shafts and Blocks. — 

..i.’f’Bearings ol (Tank Shafts — Comb nsers — Air Pumps. — Cooling Water 
Pumiw.- ‘<Ved and other Piimi*' —Bilge. Pumps, Pi] s, and b'ltt ing« — Pump Levers and < 
Gear.— Slide Valves for Steam Di'-tnbntion, etc.— Yalvi Geais- Revi'rslr Gear.s for 
Valve Motions - Steam Turning Gears. — Screw Proi>ellers.— Baddle-wheel Pro])elliTS. — 
Sea Valves for Water Snp]»ly.— St' iim T'urlones.— Internal Combustion Engmis.- Motor 
Boats, etc., using Pc-trol.— Sipu iheated Steam.-- Skin I'lttmgs and Valves.— Robults 
of Trials of Engines. — Wir<‘ G.niges.— Copiier I’lpes. — ^Wrought-iron Ptjii'S.— Copper 
Pipe Flange.s and Fittings — Bronze and C.ast Steel l‘i])oa. — f'lpis in Gigieral. — Stop and 
llegnlatmg Valves.— P.alaneing Engines — Geometry of Balancing Engines, — Boilers: 
their Ihttings. Proportion, Cnnstmctiou, Evaporation (B.O.T. Rules, etc.).— Boiler 
Mountrigs .»ud Fittings. — I'uriuice Kittmgs. — Engine and J ovE. Seatiiifi^ ^eam 
Trawlirs. — Surveys of Machinery.— Snare Gear. — Cliains and Jtopos.— Strenj^ of 
Materials - strength of M.aterials, Composition and Cost. — Plates, Bars, Beams, Girders, 
etc,— Gils and l.noncants. — Miscellaneous Tables and Rules. — Distances of Various 
Ports apart, — L^ms.v. 

“ The best Look of its kind, lioth up-to-date and reliable.”— .yni;?7iccr. 

In Large Go., Handsome Cloth. With Frontispiece, 0 Plates, Cr) Other Illfttratious, 
ami LO 'Table.s! tid^net. 

rrHE: screw rroreeeer 

And other (Competing Instruments for Marine Propulsion. ^ 

By a. E. Hh .TON, I^.Inst.C.E., M.I.*»Ech.E., M.I.N*A. 

• Content.^. — E aily llistpry of Mannc Propellers. — Modern History of Propellers. — 
Resistance of Sih(>s. — On Hhp, Cavitation and Raftag. — Puddle Wheels. — Hydraulic Pro- 
pulsion.— 'I'he Screw Propeller; Thrust and Ktiiciency.— Various Forma ofiPropeller.— 
Number and Positions. — Blades, Number, ttiapc; etc.— Details of Screws. — Pitch of 
Ihe Sere#. — Materials. — Trials and Experiments, — I ndex. 

“ Contains all that is useful to know about the screw propeller. . . . Thoroughly 

up-to-dat«."— *sfcawi«Ayi. * 

tONDON : CHARLES .GRIFFIN & Co., LTD., EXETER STRElJT, STRANDe 
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' Fifth Edition, Revised and Enlarged. Pp. i-xxiii + 639. With 
243 IllustraticJas. Large^Svo, Ilandsome Cloth. 25s. net, 

A T E XT-BOOK ON * 

GAS, OIL, AND ALR ENGINES. 

By IU^YAN DONKIN, M.lNS’i/€.E.r M.Inst.Mech.E. • 

Revis^l throughout by T. Graves Smith. \Yiith important New Matter 
• " by I’rof. liURSTALL. « 


Gas General Doscriptiou of^ tlio Action and Parte of 

a Gna Engim'. -fU-at " Oyclcs;' and Classili cation 


Contents — Pari I. 


a Gna Engim'. -neat (.yr-u-a umx a ... ...... - 

Enuin'\ — Tlio Atkinson, Gridin, and Stockport Engmes.- 
Modorn lintish Gas I'inguica. -"Modern 1-Tcnch Gas Enguies. ■ 


-The Otto Gas Engine.- 
ilouern iTcncn i.ias rjunuu.».- -German Gas Engines. Gas 
Prochmkon '^for Motive'Po of lilast-fumacc and Coke-oven (iases tor 

-^Tlieory oJ‘ ttie Gas Engine. — Cin mical (imposition of Gas in a 
T^tilis ition of llt'at m a Gas Engine — lixplosion and ( ombustion Part II. . J itroleiim 
ii! Ctiliiation of Oil.- Oil Testing, Garburetters, Early 

Oi/Eiigmes -VorLiig Method.-, The ITustman lingme.--<niier Jintish ()i Engines 
American Gas and Oil JCngiucs — Enuch and Swiss Gil Engines. German Oil Enkim^. 
Applicatdous of Gas and 0.1 Engines. Part HI • A>r A’ag,nci.-Appendiee5.->Ni>k.X 
“ A very nuicli uji-to-datc classic.' ~~-Dail]i 7 ili'gf ciph 

iSeventit Edition. In iraTidsome (Jloth. Pp. i-x + 106. With 76 
llhiHtratums, including 5 Folding Fljitos. B-. (id. net. 

aero engines. 

With a General Introductory Account to the Theory of the Internal 
Combustion Engine. 

TJy G. a. BUPvLS, M.Ikst.G.K., &.r. 

CONTENTS.— Weight: Cycles; Etncieney.— Power and Eiriciency.— Aero 
Fnffines Necessity tor Lightness, etc,, e(.e. — Jiori 7 .ontaI Engines.— Kadial Engines. 
Slagon^ or ‘ Eng S-Vekical Engines.- Eotary iOngmcs.-ArPENUX.-lNDEX. 

cal tiiuirrg. As a work ot i eferoiice it is at pieseiit nnuiue. - A ertoi .nttes. 


le.”- Jier(>'/^\n 
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In Handsome Cloth. Pp. i-x + 303. '^^ith 1\ 

178 Illustrations. 12s. 6rl. not. 

Internal Combustion Engines and Gas Producers. 

By C. W. ASKLING, M.E., and E. UOFSLFR, M.E, 

“Internal combustion engineers will do well to add this volume to their liinaiy of 
text-books.”— G£<^f and OH Power. 

lirDemy S\o.’ Pp. i-xiv + 237 . With Illustratii.ns. 8s. 6 ( 1 . net. 

• EVOLUTION OF THE 

NTERNAL COMBUSTION ENGINE. 

* By EDWARD BUJLEB, M.I.Mech.E. . 

Oxsxitii, CoNTiiSTB — TntroilucW.- CaloDv Kninnca — (’.onfitant-prcasuro 
FK-e*Soi7 En8toi-Noi.-c.mpr»io.i UuKUvsL-CpinprewloD of 

ifc oin.*. Removal Of Inert (Jaws — Two-stroke Engines. — Coinnouud Explosion Engines. 

will flnd th'ia volunm interesting and worthy of a place on their bookslitlf. — MedAanwrit 
Engineer. — 

CONDON <HARLeS GRIFFIN & C0.,*‘LTD., EXETER STREET, STRAND.. 



smiShE^NO A'iTD MECHANICS. 


— ^ *1 ^ 

By ANDREW JAMIESON,^M.inst.C£., M lnsiE.E. 


Seventeenth Edition, Revised. With over 800 Pages, over 400 
• Iliuatraiionp, and 12 Plates Cd. 

‘ .EliT-BOOK ON 

STEAM SC STEAM ENGIN^IS,* 

INCLUDING TURBINES AND BOILERS. 

Specially arranged fct iiic use of Engineers qualifying for th * Li ‘itudon 
of (dvil Engmeers, the IMplomas and Degrees of Technical^ Colleges 
and Universities, Adv'aiice<l Science Certificates of British and Colonial 
Boa^-ds of Education, and Ifonours Cert-lficatos of the City and Guilds 
of I.ondon Institute, in Mechanical Engineering, and for Engineers 
glinerall / . 

(.iii.N KPAL Contents.-- . .reus of Steam Engine. — ^Temperature, Thermometry, 

vrometry. — C^uantHA of 'l at, 'f’hcrmai Units, 'I’ahlos, Calorimeters, Specific Heats 
OtC w'S aiivl SU am -- \ f'Ti oon, Jladi.ition, ere., of Steam, Idmlhtinn of Water. — Nature of 
Heat, tunver'ion of Work Heat, first Law ot TTienuotlynamics, The B.T.U.— 
Scnailtlo fiji'i \.;:teat HeiCs ol Water and Steam, 'remperatiue and Pressure of Steam — 
Preasure and ' eenum (-a i -s. ---Evaporation and Condensation. — .Jet i.ad Surface Con- 
densers. - r’l — Com ration of Strain in a Closeii Vessel. — Jloyle’s Lr.w, Wyatt's Diagram 
of W'orlv. — Cliarlia’s Law. — Absolute Zero.— Adiabatic Expansion. — Heat Engluco, 
Carnot's Principle. — 1^ntro]>y and Thermodynamics. — Irfip and Lead of a Valve, Admission, 
Cut-otr, o<,c.--Zeuner’8 Valve Diagrams.— Behaviour of SL^am in a Cylinder. — I oss between 
Boiler ai d C'dinder.—Steam Jacketing. — Superheated Steam. — Cualiloning.— Joi .> 0 und 
ing. —Watt's, Cro.sl)y, and other Indicators, Indicator Diagrams. — Nominal and Indicated 
H.P . Brake H.P., Apparatus tor finding U.P. — Cranks, (bnnectlng-rods, an.' •other 
Moving I’arts, Effect of Inertia of ; Crank Effort Diagrams. — Stationary Engines.— Corliss 
Valve Gear. — JiUbneatiou. — Willans' Engine. — Marine Engmes. — I ..idle Wheels. — 
The Screw Pf^*eller, IMtch, Anglo, Slip, Thrust, etc., etc.— Triple-Expansion Engines. 
Quadruple-Exp^ slori Engines.— Details of Enoink : Valves, Pistons, Crossheads, 
Bearings, etc., o i.— Punifis —Condemsers.— Steam Tukbines : Definition, Types, Spe' ^ 
of Botor, Steam' '<^nsumptiou. Stresses, Balancing, etc., etc. — Mathematical Explanation 
of Heat T^nits done, etc., etc., as expressed for Ideal Steam Encfines, with Special 

^ uruines.— Exainnles of Types of I'lirb-ies.— Boileks : Vertical, Honxontalir 
Oomieh , Lanca.Hhiro ; Wate. Tube; P.idleville • V arrow, etc., e*^-* — Forced Draught. — 
Mechanical Stokers. — Materials in Boifir (’oirntmction. — Joints, rstays, etc. — The Loco- 
motive Engine, injectors, Compounding, J'lfiicieiicy, etc. — AprENDiOKS — iKUKX. 

Contains many Board of Education and City and Guilds Questions and Answers, 
also all the Inst. C.E. Exams, ever set. in I’he Theory ot Heat Engines, up to time of publi- 
cation. 

” The best book yet piibllrtbed for the use of students.” — Engineer. 

” We consider the volume a .'ipleiidid text-book for all reader'^.” Marine ^jjtigineer. 


Nineteenth ‘<]i)ITION. Leather, Pocket Size, vvith Sid pages. 6s. net. 

A POCKET-BOOK OF 

ELECTRICAL RULES ,AND TABLES 

FOR THE USE OF FJ^ECT lUCIAES AND ENGINEERS. 

By JOHN MUNIU), C.E., & Prof. JAM1ESO]^.^I.In.st.C.E., F.R.Jf.E. 

Gbnkual Contents. —Electrical Jlngineering Symbols. — B. of T. Standards of Measure- 
ment. — Units oi Moagurement.— Weights and Measures. — Testing.— (^ductors.— 

* Dielectrics. — Telegraphy. — Telephony. — liadioor Wireless Telegraphy. — El^fro-chemistry 
and Metallurgy. — Itontgen Hays. — Batteries. — Dmamos and Motors. — Tfansformers. — 
Lighting. — Wiring llulos (Lighting and Trantways).— Miscellaneous. — Magnetic Meaauro- 
ments^-Logarithms. — I ndex. 

* “ Wonpeeevlly PKErBOT. . . . Worthy of the highest cummondation we cao 

give it." — Electrician. ^ 

LONDON : CHARLES ORIFFIN & CO., LTD., EXETER *STREL^STRANft. 
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, OB ARLES ORIFFIN A,'’C0.-8 PoRLlCATSONS., 

^ By ANDREW (JAMIESON, MrJnst.C.E., M.InstE.E. 

Fotjrtkenth EniTioN» pevised and Enlarged. Pp. i-xv + 375. ' 3s. net. 
AN ELEMENTARY MANUAL OF 

HEAjr ENGINES; STEAM, OAS AND OIL. 

Specially arranged for First Year Students under itil Boards of Education) 
Ciiy and (xuikia of London Institute, Odonial an^ o(,her Engineering 
Students. 

Bkvikki) iiv KWART S. ANDREWS, B.Sr., 

LectusA'r in the Engineeiing Department oi the (goldsmiths' (College, 
New (.'ros«. 

AURiDOEii (’ONTENTS. —Mloincntary Mi'nsuration. — Wc‘if?ht9 and Stoasurca. — Ther* 
monnjtry.— Tl(>afc — lA’apnntion — I'tbulhlion. — "Work. — Prensurr and Temperature of 
■Sfct'am - -Pnipert les of <Jas«!S-— The Parts of a Strain KngiiU'. — V^alves and their .^vetting, 
— Indicators. — Single and (’onipound Jingines. — Details of Engines. — Valves an<l Jhttmgs. 
— Condensers —Drank Shaft, Jde.iringa. etc., ctc—lioilers and Boiler Mouutuigs.—Loco- 
motives. — ^'t’urlnm’s.- -G’as Engines. — Oil Engines. — Appendices. — Index. 

" This is the best elementary manual, and Is indispcnsuhlo.” — Steaimhvp, ' 

Tenth Edition, Tlioroughly Revised and Enlarged. Pp. i-xix -f- 452. 3s. 6d. 
AN ELEMENTARY MANUAL OF 

MJBCKAlSriCS. 

Specially arranged to suit tlio.so preparing for the Institute of ( liril Engineers; 
''B,oyid Tmstiluto of British Architects; City and Cuilds of Loudon 
Institute; British and Colonial Boards of Education, and all kinds 
of Ilrst-Year Rngincoring Students. 

Ri'Vismi iiv KWAItT S. ANDRl'AA'S, B.hr./*) 

Lecturer in ih'* Knglnecimg Ih'iwrtruent of (ho <'uidsnnAis' Colh'ge, 
N<‘w Cru'-s. ^ \ 

, AuRlDiiKD CoNTFvrs. — Vorce. — Matter.' -Scale and Vector Quant e^.^?. \ 
of Work. — Moment of a Force, (’onples, etc, (‘te, — Practiejil Applications of thC'';»jcv(jr, 
Balaiicf*, etc, etc — The Pruieiple of \V(Tk, Work Dist, Dseftil Work. — Pulle\B, Blockn, 
etc., etc -Wheel and Dtnnjvnind \xle.- -(rr.iphic Demonstration of 'Ihrec Eorcea In 
EiinUihnuin. — (’nm-s —Inclined Planes.— Friction.— Hearing's — Dnvinc Bclte.— Winch 
or Crab— Jib Cranes -Screws Spiral, Helix, itc — MThitworth Standard. — Baokladi In 
Wheel and Screw Deaniii's — Endless Screw aud Worm Wheel, etc. - Screw-Cutting Lat.hc. 
—Hydraulics, - II vdrauhe .Machines —Motion and Velocity.-- Eneruv.— Propertdea of 
Mat(?rial 9 -Stresses in Chauis, Shafts, etc., etc — Dnivcrsal .lon'ts. Sun ami Planet Wlieels. 
— Reversing Motions.— .M< asurinfi Tools — Limit Gaukcp. — A i'PENDiOFS.— JNI^KX. 

“ better hook /'n the subject has hitherto hecu published .” — JiaUway Offiaa 
KHazett . 

Eiu iiTH FiDiTiON, Thoroughly Revised and Enlarg nI. dp. i-xv 398. 3s. Od. 
A PRACTICAL ELEMENTARY MANUAL OF 

jMCAcLrEixism ani> Bsx.ECXsii.crT’Y, 

Specially jirran( 3 (od for fbc use of .Science Toachcre and Students in Great 
Britain and Jic Colonies, and for other Eioctrical Students. 

AriuiWJED (Contents — ]^»^,net,s. Natural, Pennauent — Mcthoil.^ of making Magnets. 
—Lines of Force ~:\[olecul.ir ’1 beory of Magnetisatici,o. — Magm tic Induction.— The Earth 
as a Mag.uVv — Mariners’ Conipas.^, — Umta of Measurement —Electrical XJuits. — Electro* 
Magnetism. -AMagneLic Field due. to Ciirrcmt, — Solenoid — Galvanomctera. — Polarity • 

•due to OuriVnt. — Magnetisation by Electric Current.— Electro-dynamics. — Electro- 
magnetic induction. — Ohm'.s I.aw -Piimafy Batteries — (budnetors and ReelBtanco.— • 
Polarisation of a (Jcl!,— Electrolysis. — Static Electricity, — Positive and JJcgative^Evectrl- 
fleation,— (Xinductors and Insulators. — ^Induction. — Charges on a Surface. — Frictional « 
Machines.— Potentia1f—('oudeusi--rs.— Leyden .Tar. — Gold Loaf Electroscope. — ^Volt- 
metcrs.—AppRNDjj^-iis.— Index. 

tSNDON :/*^ARLES ORIFPIN & CO., LTD., EXETER STREET, STRAND. 



%ENGl^EiRlNQ AND MECHANICS. ' 

By*ANDREW JAMIESON, M.lnst.C.^E., M.Inst.E.E; ' • 


* In Five Volumes. LarT^f' Crown 8vo. Each quite complete in itself, • 

• and sold separately. 

• A text-boqk: *nr * * 

AT P L 1 D* MECHANICS 

AND MECHANICAL ENGINEERING. , • 

•Sjiecially arranged.for the use of Engineers qualifying for tho^ Tugtitute 
of Civil Engineers, the Diplomas and Degrees of Tochnioiii 
and Universities, Advanced Science Certiiicates of British and 06lonial 
Boards of Education, and Honours Certificates of the City arc! Guilds 
of London Institute, in Mechanical Engineering, and for Engineers 

generally. 

Volume I. Tenth Edit^ 'N. Revised and Enlarged. Pp. i-xviii+4()0, 6s. net, 

lM[£:CHAlSriCS. 
hWABT 8. ANDREWS, li.So. 

* vActknts. — D eflnit )i».< of Matt( r and Work. — Diagrams of Work. — Moments and 
Couples.— Prin Cl pl(i of Work >^'1 » ued to Machines. — Fr>tion of Plane Surfaces. — J‘’riction 
ni Cylindrical Surfaces a^' i Ships.— Work absorbed l»y Friction in Bearings, etc. — Friction 
vsefiillv 'I’ Mli.d l>y Oh.tcli s, Brakes, and Dymimmnctcrs. — Inclined T lane and Screws. 
—Veku'itv .villi Aceeleiaiion. — Motion and Dncrgy. — Energy of Kotalion and Centrifugal 

Force — AITENDTCES.— INUEX. 

V‘ Indisnensable to all students of engineering.” — Steamship. 


VoLUM L TI . Ninth Edition, Revised and Enlarged. Pp. i-xviii-, 

STRENGTH OF MATERIALS. 

Revised by EWART S ANDRKWS, B Sr . 

CoNTENTSfliv- Stress and Strain, and Bodies under Tension. — Strength of Beami and 
Girders. — Defli^vion of Beams and Girders —Strength of Shafts.— Strength and Elisticity 
of Materials. — " esting. — Sticas-Straui Diagrams and Jilasticity of Materials. — S^reuptb 
and Elasticity e Columns.— A ppendicep.- Index. 

*• The autlwf Ivto he, congratulated upon the caro he bestows in keeping his works 
• ovqt,oTciy Vf up tri date.” — Practical Engineer. 

Volume III. Eighth Edition, Thoroughly Revised. Jloth. 

Pp. i-xviii + 260. 5?. 

THEORY OF STRUCTURES. 

Contents. — Framed Structures — ■Hoof Frames. — Deficient Frames. — Craiuig. — Beams 
and Cdnlers — appendices. — Index. 

"We heartily recommend this hook.” — Steamship. « 

Volume IV. Ninth Edition, Revised. Pp. i-xvi,-t- 324. 

HYOR AXJI-ICS. . 

^ CONTENT... — Bydrostatirs —Hydraulic Machir''?. — Efficiency of Macliines. — Hydraulic 
Appliances in Gas Works — llydroklneties. — ^W^ater Wheels and d'urbmes,— Hefngcratlng 
Machinery and Pneumatic Tools — ^Appendices. — Index. 

VoLL^it; V Etohtii Ei)iTroN,'’R(^isp4. Tp- ^ + 626. 7s. 6d. 

TMEORY MACHIIO^JBS. 

Contents. — L oci and Point Patha — Kinematic Pairs, Links, Chains, etc. — Ranks’ 
and Parallel Mrtioiiff — Chains and Peaucellicr Mccliauirna, etc.— KiUematiM, Cfratres 
and Helative Velocims. — MisceTancous Mechanisms. — HeV^rsing and Ri'twi! Motiona, 
ate. — Efficiency of Machines,— WTicel Gearing and Electric Driving.— Fricti^ and Wedge 
Gearing, with Power* ITansmitt^d. — Teeth of Wheels. — Cycloidal — Involute 

' Teeth, Bevel and Mortice Wheels, etc.— Friction and Strength of Teeth iu|I5caring.— Belt, 
Rope and Chain Gearing.— H.P. TrausmitteJ byaBelt and Rope Gearing. *-Inertla Forces 
of ing Parts and Crank Effort Diagrams of Reciprocating Engines.— APPENDICES.— 

” So well known that wo need only commend it to now rcadtrs as one of the moat 
lucid and instructive text-lxioks extant .” — Electrical Eemw. ^ 

LONDON : CHARLES , GRIFFIN & CO., LTD., EXETEft STRrgT. STRAND 
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j f ^ 

WORKS ON ELECTRICAL ENGINEERING, 
TELEGRAPHY, ETC. 

f 

e- , 

CENTRAL ELECTRICAL STATIONS : Their Design, Organisation, and 
Management. By Charles H. WoivDIngham, A.KC., M.Inst.C.E., 
M.I.Moch.E. Shooed Edition, Revised. In largcj 8vo. Cloth. Pro- 
fusely Illustrated. 243. net. 

ELECTrUcITY meters. By Henry G. Solo:mon, A M.In.st.E.E. In 
large Crown 8vo. Handsome Cloth. With S34 pages and 307 Illus- 
trations. ICs. not. 

transformers. By Prof, JIekminn Bohle, JTI.EE., and Pml D. 
Rohekt,S(>n, B.Sc., of Bristol. In large 8vo Profusely Illustrated, 
21s. net " 

ELECTRICAL PHOTOMETRY AND ILLUMINATION. By Prof. IIer.mann 
B ofiLE, Ml.E. E. In Largo 8vo. Cloth Fully Illustratod. 
10.S. (id. net. 

ELECTRIC CRANE CONSTRUCTION. By (Claude W Hill, A.M..TiiBfe.C.E., 
•^1.1. E.E. In Medium 8vo. Fully Illustrated. 2.73. net, 

TELEGRAPH SYSTEMS AND OTHER NOTES. By Arther Crotch, of 
llie Kngineer-in-(/hief3’ l>e])artment, G.I-'.O In Jjarg< s'/ Crown 8vo 
Cl(dh, Illustrated. 5s. net. 

WIRELESS TELEGRAPHY. By Gitstav Eiciinoa.,, Ph.IK^U Large 8vo. 
Profusely Illustrated 83. 6d net. 

ELECTRICITY IN MINING. By Siemhns Brothkrs Dynamo Works, Ltd. 
In Crown Quarto. Cloth. 10s. (id. not. 

ELECTRICAL PRACTICE IN COLUERIES. By I) Burns, M E.. M.lnst. 

~ M.E. C!to\vn8vo. Fourth Edition, Revised. Cloth. With N umorous 
ll¥¥Idtrations. 7«- net 

TREATISE ON ELECTRO METALLURGY. By M . J McMillan, F.I.C., 
and W, R. CooricR, M.A., B.Sc. Thiri’ Edition, B'^vised and Enlarged. 
12s. Od. net. 

ELECTRICAL THEORY AND THE PROBLEM OF THE UNIVERSE. By 

G. W. do Tunzrlmann, B Sc. In Large 8vo, Cloth. 15s. net. 

MAGNEXISM AND EI,»tVRICIT¥ (An Elementary Mariiial oJ). By Prof. 

A Jai^iHson, M.Inst.C.E., M.I.E.E. E^hth Edition. 3a. 6cl. 

ELECTRICAL RULES AND TABLES GV Pocket-book of). By John Muneo, 
C.E., and Prol. Jackson, M.Inbt!^.E., M.I.E.E. Nineteenth EnjfiioN. 
68. net. * 

j 
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NADTrckL WORKS. 

; • 

GRIFFIN ’ S nautical *SEBIES. 

^ *** For jdrthe* information re^ar-iin^f thc-ttj ’ imes covjivU Ind^^ 

A MANUAL OF ELiL "LNTA»Y SEAMANSHIP. By D. Wilson-Baeker, 
Seventh Edition^ jR.oviscd and Enlargea, Profusely frustrated. 
Price Gs. • * * 

NAVIGATION, PRACTICAL AND THEORETICAL. By D.. 

Barker and William Allingham. 'l'niu]> Edition, Revise^'. Pullf 
Illustrated. Price 3s Cd. ^ 

MARINE METEOROLOGY, for Officers of the Merchant Navy. By William 
At LI NT JH AM. Very fully Illustrated Price 7s. 6d. 

PRA(^ICAL MECHANICS, .Applied to the Requirements of the Sailor. 

By 'Phos. M ki i . Eimh Edition. Price 3s. 6d. net. 
a" 'MANUAL OF TRIGONOMETRY. By Richard C. Buck. Fourth 
Edition, Revised and «Jorrectcd Fully illustrated. Price 3s, Gd, 

A MANortti OF ALGEBRA. By Hiciiaud €. BncK. Fecond Edition. 
Price 3s. 6d. 

LATITUDE AND LONGITUDE : How to Find them. By W. ' Vtllar, 
C.E. Third Edition. Price 2s. ^ 

9 

LEGAL DUTIES OF SHIPMASTERS. By Benedict W. Ginsburg. Third 
Editk^^ Very Thoroughly Revised. Price 5s. ^ 

A MEDICAL AND SURGICAL HELP. For Shipmasters and Officers in the 
, Rop*, Nav/, By W. Johnson Smith. Fourth Edition. Rc\ised 
ly Arnold Charli (of the P, 0. L.. N. (.'oy.). Price 5s. net. ^ 
KNOW YOUR OWN SHIP. By Thus. Walton, ^’hikteentit Edition. 
Revised hy John King. Profusely Illustiated. 7s. Od. not. 

OTHER WORKS OF INTEREST TO SAILORS. 

MOTES ON THE PRACTICAE DUTIES OF SHIPia4.SrEES.*\L.3. CapT 

\/. HaRRv Wilkes. Price 2s. 6d. not. 

DEFINITIONS IN NAVIGATION AND NAUTICAL ASTRONOMY. By 

P, (Proves Show ell. Price 23. Od. net. 

ENGLISII'SPANISH AND SPANlSH^EIy:U^ SEA TERMS AnS PHRASES. 

By Flcet-Payumstcr Grad vm-Hewlett. Pocket Size. Price 3s. 6d. net. 

HYDROGRAPHIO SURVEYING. By Comnuir^or S. Messum. ^Vith 
Coloured Plates and NuuTcrous other Illustrations Price 12a, net. 

NATURE NOTES fOR OCEAN VOYAOERS. By Captain A^'abpenteb 

and Captain I). Wilson- Bar K ir^ Price 5s, net. * 

TH^ PREVENTION AND TREATMENT OF DISEASE IN I.IE TROPICS. 

By E. S. Crispin, M.R.C.S. In Cloth. Price Is. net*. ^ 
• • 
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ORE & . STONE MININQ. 

Bv Sir C- LE NEVE FOSTER, D.Sc., F.R.S.. 

LATE PROPHSSOK OK MINING, ROYAL COIXRC.H OF SCIENCE. 

Revised, and brought up-to-date 

By Prof. S. H. COX, Assoc.R.S.M. . 

GENERAL CONTENTS. 

INTRODUCTION. Mode of Occurrence of Minerals.— Prospecting.— Boring. 
— BreAking C.^ound.— Supporting Excavations.— Exploitation.— Haulage OP 
Transport.— Hoisting or 'Vi ding. — Drainage. — Ventilation. — Lighting.— 
Descent and Ascent, ’^ro ig— rrinelples ofEmployment of Mining Labour, 
-i^^slation alfooth-g Mines and Quarries. — Condition of the Miner.— 
AcdWents.- Index 
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“ Not only is lIiis work tlic acknowledged text-book on metal mining in Great llHtaiu 
and tile Colonies, but tbat it is so regarded in the United Htntes of Ameiica is evidenced 
by the fact tliat it is tlie book on that subject recominemlod to the students in most of 
tlie miuL.R schools of that country.'*— I’Ac TUnen. 


Tiiilio FdiiTiOK, RcviRcd. In Crown 8 vo. Tp. i-xviii -1-323. Handsome 
With nearly 300 Illustrations. Price 7s. dd. net. 

THE ftEMEMTS OF MIHINC AND QUARRYING. 

Anjntroductory Text-Book for Mining Students. 

--By Sir C. LE NEVE POJ^TER, D.Sc., F.R.S., ^ 

Late Profesbor of Mining at the Royal College 0' Science. 

Revised by Prof. 15. H. Cox, A.R.S.M., &c. 

General Contents. — Introduction. — Occurrence of Minerals. — Pro- 
specting. — Boring. — Breaking Ground. — Supporting Excavations. — Exuloita- 
tn*n. — Haulage or IVansport. — Hoisting or Winding. — Drainage. — Ventilation 
— Lighting. — Descent and Ascent. — Dressing, &c. — Index. 

" A remarkably clear survey of the whole field of mining o leic ' ons.’*— JJnprineer. gP' 
" Barely doea it fall to the l<»t of a reviewer to have to accord such unquanfic '^ralec as 
this bor'- deborves. . . . The profession generally have every reason to be gi'ateful 
SlrC. LeNeve i-batcr for having enriched educational literature, with so admirable ap 
elementary rexi-hook.’*— Joicmal. ' 


In Crew'. Svo. Haiid.some Clotli. Pp. i-xii -f .300. 8s#6d. net. 

MINING LAW OF Tifb BRITISH EMPIRE^ 

By CHARLES J. ALFORD, F.G.^., M.Inst.M.M. ^ 

Contents. — The Principle» of Mining Law. — 'l^e Mining La’v^ of Groat 
Britain.— British India.—Cevlon.— Burma.— The Malay Peninwila.— Britiab 
North Borneo.— Egypt. — Cyprus. —The Dominion of Cai^a. — Britisip 
Guiana.— The Gold Coast Colouy and •Ashanti.— Cape of Irood Hope. — 
Nq|p!. 1. — Orange River Colony. — Transvaal Colony. — Rhodesia. — The 
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WORKS ON COAL-nfllNING, 

S?XTH Edition Pp. i-vii + 503. With 4 Plates and 690 Illustrations^ 
Price 24s, net. » 

A TEXT-BOOK OF gOAL-MININO : 

FOR THE USE OF COLLIERY MANABERR AND OTHERS 
f: ENBA6ED IN COAL-MININBi , 

By HEBBEBT WILLIAM HUGHES, F.G.S., 

Ahhoc Koyal JSfliool ofMinob, (JcDcial Managm ofS.iiidMeil Talk Ci.)llii*i> 

(tENEual (ViNTKKTS. — (Jeolo^y- — Scarcli for Coal. — PreakintJ Ground. — 
Sinking;. Preliminary Oyicrations. - - Metlmds of Working. — Haulage.— 
Winding. — Pumping. —Ventilation . — Inghting — W orks at Surface. — Pre- 
paration of (.!oaI for Market. — Index. 
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“Will Gooii COBH* t.<. Ilf it'gjuded as the stanbaub work of iU kind " }{n iinnohani Ihvly 


Fifth Edition, Thoroughly Kevised and Greatly Enlarged. Uc-set 
throughout. Large Crown 8vo. Handsome Cloth. Pp. i-xi + 778. 
With Tod Illustrations. 12 k. 6d. net. 


PRACTICAL COAL-MINING: 

A ISrANUAL FOR MANAGERS, UNDER-MANAGjp^S, 
COLLIERY ENGINEERS, AND OTHERS, 

With Worhed-out Prohlemn on Haulage^ Pumping, VeiUiU/io^ rfu’. 


By GEOBOE L. KFJlPv, M.E., iSETnst.M.E. 

CONTENTS — Sources and Nature of Coal.- -Search for Coa. -Sinkin" — Exjjdotnvos. — 
'^‘'cliaiiical Wedges, Hock Dnll.y, and Coal Culting Maidiuiefi. — Coal Cutting by sTadTffnery 
— Aransmissioii of Power. — Modes of Working. — Tinibering JJoadwajs — Winding Coal — 
Haulage. Pmnpinp. — Ventilation. - - Safety Lamps. — It'sciie Aijparatiis. — Surface 
Arrangi'incnts, Coal Cleaning, etc. — Surveying, Levelling, and PlaiiR. — I nI)E\. 

“ Tills is oiB' of the bent known treatises on tb" (eehnieal a'-fK'd of tlie Co.'vbMining 
Indnstrj' . . . the book is an admirable one, anil may be plaenl with confldeijce in 

the hands ot .all studiaits of coal-mining.” — ^lining. Journal. 


FoiTRTii EditiokJ Kevised In Crown 8vo. Hrudsome Cloth. 

* Pp i-viiH-225. 3 .k. Cd. net. 

ELEMENTARY COAL-MINING: 

FOR T^E USE OF STUDENTS, MINERS, AND OTHERS 
PREPARING Foil’ EXAMINATIONS. 

^ By GEOHGE L. KERR, M.E., M.Inst’.AI.PI 

Contents.— Sources and Nature of Coal. — Exploration and Boring for 
Coal. — BreaVng <1 round. — Explosiyes, Blasting, &c. — Sinking and Pitting 
of Shafts. — Modes of ^Vorklng. —Timbering rvoad\\ayK.— Winding and 
Drawing. — Haulage.— Pumping and Driinage. — Ventilation. — Cleauing and 
Sorting Coal.— Surveying, &c. 

“ An abmid.'ino6 of iufo^m.ation conveyed iu a popular and attr.aetivo form . . . Will b« 
of groi^lse to ail who^« in any w.ay intereitoil In coal innimi?."— N'eeWwA Critic. 
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Fourteenth Edition, Revised. Greatly Enlarged. Pp. i-xviu-T-477. 

Re-sct. With Numerous Diagj^ms. Cloli. 7s. 6d, net. 

TREATISE ON MINE-SURVEYINQ- 

Fdir the use of Managers of Mines and 1' "'erieSf Students 

• at tL Royal School of^ine% Ic, 

By'bENNET. -H. trough, ASSOC.R.S.M., F.G.S. 

Revised and Knlryjcd ]>y HARRV DEAN, A.K.S.^1. ^ 

Tuntknts. -Cif^ioral FAplaniition , - Moasnrenn*nl(if DthtaiK eg.—duiin Surveying.— 
Traverse Surveying.— Vvilalmus o itho ^lagnetie-Nee^lle — LtKjse-Neeille Tra’ W ig. — 
Local Variations of the Magnetie- Needle. - The flerman Dial.— The Ve”tiier,^»i * 'iu« 
Theodolite l'’i\ed-Needle 'Pi averting -Surface-Suiaeving with the 'J’he ,doli' ' 
ting the Survey. — J’hme-'I’alde Siuveyiug — raleulatiou of Aiea.s.— Levelling — p 'or- 
ground and Sui f.n e Surveys. -Aleasniirig Destaiiees hy Te1eseo])e — .Settinu»)i^t — Mine- 
Surveying I’roMems. — Mini' Plaus.- Applications ot the Miigueth'-Ncedle in AUniug. — 
1‘iiutographic : ’urveyin'i. -Aim’I.n niOL-'.— T n i>kx. 

“'I'he last Mord on L,he suhjeit of inine-survejing . . . the new tdition is a 
master^ prodt •d'oii "—Mini.’,: ),'odd. 

Ill lluinLsome J'p. i-\i + 170. Fully llluslmted. os. not. 

% THE EFFECTS OF 

ERRORS IN SURVEYING. 

Bt HENRY BRKALS, M.Sc. 

CONi’ENTS — Introduction. — Analysis of Error. — The Best Shape of Triangles.- 
rropagation of Jirror in Traversing.— ^Applnuition of the Methods of detormiiiing Average 
Error to certain i’rohh'ms in 'JTa versing.--' iTopagat ion of Error in Minor Irian gulntion.— 
Summary wf Ucsults. — Ari'KNJ»ix.“ iNOicx. 

" Likely to !»<• ol the Inghest se<V)ee to smveyors ... it i.s a mo^t ^hle 
ircat.ise ' ‘"hnnuief-r • 

TliHiD Edison, ThoroughH Rm i.'u.mI 'iiid greatly Eiilargod. In (’rown, 
Svo. J'p. i-iiii + 430. HandKome Oloth. Fully Illustrated. J0s.6d.net. 

A HANDBOOK ON 

THEODOLITE SURVEYING AND LEVELLING. 

For the use of Jtudents in Land and Mine ''iirueyii j. 
liv Professor JAMES PARK, F.G.S. 

OONTENTS.— -Seope, and Object of Survi ying. — Tlieodolite. — Chains and Steel Bands — 
Obstacles to Alignment.— Meridian and Bt'anngs. — Theodolih' ITaverse. — Co-ordinatcB 
of a 8tati(»n.— Calculation of Omitt.i‘d or (kmiu'cting Line m a Traverse.— Calculation of 
Areas. — Subdivision of liund — Triangulat ion. — Detennmution of True Meridian, Lati- 
tude,, and Time —Levelling. — Railway Curves.— Mine Surveying. — IKUEX. 

“A hook nlmh should pmve a.s useful to the luotessi »ii;i, suivey^i as to 
Student.”— xVn/are. _ _ _ . . ^ 


In HaniRomo Cloth, With Diagrams.* 

PRACTICAL SURVEYING AND FIFLD-WORK. 

including the Mechanical Forms of Office-Calculations. 

• By victor G? SALMON, M.A. 

I’oi C<uitenls si e ]»ago kl (Ji neral Catahxjue. 


In Meiliuin 8\(n Fully Illustrated. Pp. 160. 10b. Cil» not, 

MODERN mTnE VALUATION. 

Bi M. HOWARD KUKNUATH, B.Hc., JI.A.I.M/., 

Late ll.M. Tnsqior-toi of Mine* ioi the Transvaal. f 
COJiN'KiSTS.— I’lehmtnavy Considci ations.- uloek Caleulations.— Bases Sound Valua* 
tion^Samjdlng.- Exjdanation of Sinking Fund Table (XXII) — Ai'PENIUa. — IN1*EX. 

” One of the best volumes of its kind that we have seen.'’ — Mi'kiji/s World. 
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Second Kdition, Revised Throughout. In Medium 8vo. With Numerous - 
Plates, Maps, and Illustrations' ePp. i-xxi^r+ 460. 21s. net. 

CyANIDINC COLD & SILVER ORES; 

A Practical Treatise the Cyanide^Pro#fc'’S ; its AppU^f .^oni 
• Methods ‘V^i kin^^, Design and Construction of 
Plant, and Costs. 

,By h! FORBES JULIAN, 

AkT) BDCtAR smart, A.M.I.O.B.. 

Civil J'litl Mct:i]lutEi'‘Hl Kuk'im-m 

Contents. — Early History of the Cyauulc ProceiK..— Preliminary lnvd9tiji.iClc i — - 
Crushing. — Weighing ami Measuring. — Percolation and Loachiug.— Prlnoiulis Involved 
In Dissolution ami Precipitation of Metals. — Dissolution of tlie Gold and Silver. — Tern- 
porafure Efft'cts. — Absorption of Air by Solutions. — Action of Various Cyanide Solutions. 

— Sources of Loss of Cyanido.—Pref'lpitation — Precipitation by Zinc. — Electrical Pre- 
clpitatiou. — Other Methods ' t Precipitat.ou. — Cleamng-uj). Ileflmiig, and Smelting. — 
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Fifth English Edition. In Large Cr<)wii Svo. 'With *22 Plates and 
many Illustrations in the Text. IJaudsomo Clotli. Pp. i-xiv + 347. 
8s. tid. net. 

THE CYANIDE PROCESS OF GOLD EXTRACpBr 

A Text-Book for the Use of Metallurgists and Students at 
Schools of Mines y &c. . 

By JAMES BARK, F.aS., M.Tnst.M.M., 

Profeasor of Mining and Director of the Otago Uiiiveraity Schoi . of MIiiob ; late Director 
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THE METALLURGY OR STEEL. 

By F. W. HARBORD, Assoc.R.S.M., F.I.C., 

. And J. W. HALL, A.M.Inrt.C.E. 

Vol. L— Metallupg’y. Vol. II.— Mechanical Treatment. 

{X.B. — I'Ikkc Volumes arc not Soid Beparalelt/.) 

AuRiDori) CONTKJfTS.- Tiu' Plant, Machinery, MetluMls and Olieniistry (»f the pVt-Komor 
and the Open IFeartli Proccshcs (.Aci<l and Jlasn-). — The influence nf Metalloids, Heat 
Treatuu'iit , Np<‘cial Steels, Alicrostnicture, re.stinK, and Sptnufieations, -The -Mechanical 
Treatment of Steel e()ini)ri8im? Mill Practice, JMant and Machinery. 
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earneBflT recommending all'who may be intmeHtcd uH inakirs oi useis of sfeeT, winch practically 
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Fourth Edition, Revised and Enlarged. Pp, i-xv -f 4S6. With 
130 Illiibtrat ions'. 16s. net. 

THE METALLURGY OF IRON. 

By THOMAS TURNER, M.Sch, Assoc.R.S.^.; F.I.C., 

Pro fmor of Me (allurgy in the Vnivei situ of Birmingham. 

Oitteral (7on<enf«.— Early History of Iron.—Modern History of Iron —The Age of Steel, 
— Obiet Iron Ores.— Preparation of Iron Ores —The lilaet I'., ace.— Air used in the 
Blaat Furnace — HeactionB of the Blast Furnace -—The OaHoous Products of the Blast' 
^*irnaco — The Fuel used in the Blest Furnace.— Slags ai.d Fuxes of Iron Smelting — 
Pioperties of Oast iron — Foundry Practice — 'Wrought Iron — indirect Production of 
Wrought Iron —The Puddling Procoas — Pnriber Treatment of Wrought lion.— Corrosion 
of Iron and Steel —Recent Progress — Isdkx 

“A THOB<»uoHLT USEFUL BOOK, whicb brings the anliject up to date. 0» 
&BRAT VALUE to those engaged in the iron industrv .’' — Mirtbig Journal. 

*** For ProfesHor Turner’s '’^Lecttires on Iron- Poundiny iScc., see page 07 
Incra^Ca/t iluguc. 

In Medium 8vo, Handsome Clloth. Pp‘. i-xv h 400. With 166 
Illu.‘'’tnition.s. J5s. rici. 

The Sampling & Assay of the Precious Metals : 

Comjoiine Gold, Silver sni^ Piatinyiv, In Ores, Bullion and Produtis. 

By ERNEST A. SMITIF, M Tnst.M M., 

Deputy Assay Ma.stcT of the .ShcJliuld A.sgay Othce ; Late of the Royal School of ATine.s 
C? XTENTS.— Introduction -t i)e.sign and Eijuipment of Assay (Ulh '-s.— Furnaces ond 
Appliance','.— Precious Meti(<^hics —Valuation of Oies.— Hanipling of Ores. -- Preparation 
of Narnphif.for Assay.- FJiucs iirul Princijilcs at Fluxing — As.say Operations --(u) Roast- 
yng ; (h) FubiN^j : (c) Scorificution ; (d) C^riidlation. - Systems ot W orking. -Assay of Gold 
uiid Silver OiV^. ■ Of Comjdex Ure-,. (hileulutlng and Reporting Results. - Special 
Method.s of fir) Assay.— Bullion.— Val: alnyt of Bullion.— .Sampling of Bullion. — Xssay 
of Gold, .Silver, and Base Bullion. Of Aurnerous and Argentiferous Products.— V seay 
Mork in (J 3 'anide Mill — Platinum and the “J’l.atinmn Metals.’*— As.say of Platiiunn 
in Ojcs, Bullion and Pr>ducts.— Aj'j'KxniCKS.- Index. 

" May safely he j-iaced in the hands of students, and will be ot the greatest value to 
ass^ers as a book of refeuence ” — Nature, 

''^Unique , . , the book should be added to the Mining ^Engineer's Library.” — 
Mini ng W orlti. « 

LONDON : CHARLES ORIFFIN & Col, LTD., EXE'^R STREET, STRAND. 
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> In Medium 8vo. Handsome OIoUk Pp. i-xii + “')9. With 10 Plates (2 Coloufed),, 
and 60 other Illustrations. 10s. 6d| net 

• LECTURES ON 

SSODERN COI»I*ER «s!TVIEI-,TI»ra 

• Bv DONA' T) M. LEVY, l\*i,Sc .•a.K.,S.M., 

' Assistant Leov tsr in iJfctallOTgy, University o! Birmingham. 

ABRiDaMD Contents. — l^storical, — Price and Coat o£ Production and Stotistics. — 
Uses of Copper as Metal a»a yioy. — Effect ot linpuntnv. — Corapounds. — u cs. — Pit* 
liminary Treatmeftt. — Sampling. — C( nccntration — Pnnciplea ot Copper Bmeltlng. — 
Wintering. — Tlov(Ti)orat«ry Smelting Practice.- -Blast Pumacc Practice. — Bess' ne’'’sing 
of Copper Mattes.— Purification and Keflning of Crude Copper. — Casting. — I n®®'a.' 

“ A wclcx>m(' addition to exist, ing literature on the subject *’ — Chemical yadi ^wrr.al- 

In Medium hvo. Handsome Cloth Pji i-xiii + ‘Ml). With FronLlspie(^#uid 104 
inu'^trutiono, ineludiug many Photo-Miei<»grMpli.s. 10s. Od. net. 

CAST IRON 

11/ THt- LIGHT OF RECENT RESEARCH. 

Uv W. H n.V'FIKLD, D.Sc., A.M.I.M(3ch.E. 

<^i(>NTENTS— iNTin i * i io.<. — The l!4oii-Carbon Alloys and Cast Iron from the Stand- 
poin?*^'!' the K(iuilibriiuj inagrsTU. — Jnfiueuce of Silicon. — Cf I’ho.spliorus — Of Sul|)hur. 
— Of .Mangant 4 <'--OI Other ..a.ients — Ot Casting T' iiiperature.— Slirinkagi' and Con- 
traction — OroHtli ot Ca l''ou uudor Jh‘]>eatc'd Heating.s. — Ettect of Superheated Steem 
Ujxm Cii * 30 Kittm. ^.--xwalleaide (’ast iron.- Heat Treatment of Cast Iron. — He- 

carbun at ion of Cast Iron witliout furl,lier Fusion.— .Mecliaineal Properties of Cast and 
Malleable Cast Iron. — l 'urnace“S and Slags.- - ArrENDiCES.— I ndex. 

“A \aluablc addition to Grimn’s noted metallurgical publications.”— Mini nil 
Magazine. 


Second Edition. In Crown 8vo. Handsome Cloth. Pp. i-x\vii jr^OP. 
Thoroughly JUjviscd and very greatly Enlargeil. With many New, 
)Ui(l inniill 31U Iliustnilions. Ids. dd. not. 

• A HANDBOOK ON 


M;ETA]L.L.IC AL.L.OYS: 

* Their Structure and Constitution. 

By GTLI5EBT H. GULL1\^EU, B.Sc., F.ll.S.E* 

NTENTS.— Methods of liivi'stigation.— The Piiysico-Chemioal E({uilil3rinm of 
Mixed Siibstnnccf.— Binary Alloys in which no BiTUiite Chemical Compounds arc f<»rmed. 

Dq whidi bhow I'Bid.eiice of l.be Formation of I>efliiite Cliemicul (Jompounds.-TTana- 

fomuit ions in Compht. ly Solid Metals.— Alloyb.- Kquilihn am Conditions in Metallic 
Mixtures.—The Structures of Metals and Alloys. — The Bron.''es Hraascs and other 
Alloys of '7op])er.- .SU-t'l and otlu^r Alloys of Iron. -Alfijys of more than Iwo Metals.^ 
The M ieroscopc in Engiueemig Pmctice.- -I ndex. ■% 

” Tl’is book oTors most exhaustive information, and is profusely illustrated .” — Metui ‘ 
IwluBtTii. _______ • 


Secdn’i Edjtuin, Tlnu’onghly Rovised. !:*{). i-XYii-f 3 I 3 . ilh 195 
Vhoto-Micrographs, Diagrams, and Figurea. 8s. (id. net 

THE ‘WIICROSCOPIC AI^UYSIS OF METALS. 

Bv FLORl.S OSMOND and J. R. STEAD, D.Met., F.K.S. 


Hri:f !■ El) AND CORKEI TED l\Y L. •i^SVDNEY. ^ 

Contents. — Part I. MetallogApIiy considered as a Method of 
be See W Polish*ng.-PART 111. The MicroBCupic Analysis of Cyou Btoela.-— 
APPENDICES. — Index. w 

-The subject is t-r«‘ated in a* m mterly iiinnai'r . . . altogether fie new edition 

KhnuM Drove invaluable to metallurgists .’ — lining World. i *. 1 1 - 

tjje iHioks wliich have dealt with this subject in its many aspv ts, surely this 
one romams supreme .” — Chemical World. V 


LONDON ; CHARLES ORIFFIN & C0.» LTD., EXETER STREET, STRA^fD. 
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TBVSto Edition, Thoroughly Revised, EiUargedl and Ro-Het iTiroughout. 
In Three VoluraeTi, with Vt^uable »ibliograi)hy, New Maps, 

, Illustrationa, &c. 50s. net. 

IP :E! O L E TJ 


By sir BOVEllTON H^^DWOOD, Bart., 

t D. Sc , K. R. S E. , Assoc. Inst O. K. , r . 1.0. 

Contents. —Section I.: Historical Account of thePetrofenm Indwstry.— Section II.; 
Geological and Ueogiajilueal Distribution of Fotroleuii) and Jiliitural Gas. — Section III.: 
The Chemical and Physical Properties of Peti oleum and Natuiiil Gas. -SECTION IV.: 
Tlie Oiigin of Petroleum and JJatural Gas, — Section V.: 'J'he Production of PctroleuiUi 
Natural Gas, and Ozokerite.— Section VI.: The Uettning of Petroleum —Section VII.; 
The Shale Oil and Allied Industries —SECTION VITI.: The Transport, Storage, and Dis- 
tnbutiontf Petroleum —Section IX. : The resting of Crude Petroleum, Petroleum and 
Shale Oil Prmhiets, Ozokerite, and Asphalt.— Section X. : The I'ses of Petroleum and 
its Products.— Section XT. : Statutory, Municipal, and other Hegulations ^■olating to 
the Testing, Storage, Transport, and Use of Petroleum and its Products.— BlBI. to- 
GKAPnY.— Appendices.— Index. . 

"It is indisimtably the most compreheufivo and eom])lete treatise on petroleum, ami this 
Btatement is true, no matter on what branch of the industry a test of its merits is made. It is 
the only liook m existence winch gives the oil man a clear and reliable oatiine of the growth and 
piosent d.iv comhtion ot the entire peti oleum world . . . There Is a wouderliilly cij|i«i[Tiet« 
collertion of idfites and illnstiatioiib - I'etroicnm WorUl. 


TiriRit Edition, Revised. J*p. i-xixd-340. Price Ss, 6(h net. 

A HANDBOOK ON PETROLEUM. 

FOR INSPECTORS UNDER THE PETROLEUM ACTS, 

Anfflop those engaged in the Storage, Transport, Distribution, and Industrial 
use of Petroleum and its Products, and of Calcium Carbidei^ With 
suggestions on the Construction and Use of Mineral Oil Lamps, 

By CAPTAIN J. H. THOMSON, 

H.M Chief IiiBiu'ctor of Kxplohivet! 

A.nd sir BOVERTON REr>VVOOT),,JUKT.. 

llr.VtMD) BY AIA.IDIt A. CODl’RU-KEY ANP SIR !’.0\ RRToN URIAVGOD. 

CoNi'iiNTS liitiodnctorv.- Source<> i-f '^ui'pD- pwwp.ir turn, Ucllning, etc.— <'oa\- 
nierciul Prudiuts. -Vlasih P<»int jukI lii<-'h'‘ li-'nc - Legislution.— Proc.iuiums.— 
Oil baniit'..— < .ib'iuin Carbide - \ppendic<*s.— I. npex. 

"Of uniqu • value , - . The book hu'^ attain<-d the reputation of a c]a‘=i.jic, and is 
an extn luelv houdy and useful work for all lutc rented m the oil bU-sinefes."— f Vimim/ 
'I'rndc Jounittl. 


]n IV- Let Si/.c. Pp. i-xxi 4- 454. Stroniflv Bound in Lcatlier. 

^ Fully Illnstrated. Sm. 6(1. jiet. 

THE PETROLEUM TECHNOLOGIST’S POCKET BOOK. 

By SIR BOVERTON RKDWOOP, Bart., D.Sc., &e., 

And iVRXHUR E^STLAKE, A.M.l.Mech.E., 

Synotnjs of Contents.— Part ' . : Information .alKuif. Petrokaira (Origin, 

Occurrence, T’roapectlng, acquiring l/suid, Itaising, ttu^rage, lleflning, etc.). Part II. ; 
Geological (Ideutdltation of Rocks, Angle of Dip, Maps, Oil-beariug Areas, 0x1 per acre, 
Bitu^nens, etc.). Part. III. ; physical and Chemical (Snecitle Gr.ajfity, Analysis of Gas, 
'Viscomettv’', Calorlllc Vnlu^^fi^iash Point, Distillation, Caudle Power,' etc., etc.). PART 
rV, : Prsdnctlon fDriUing, Casing Water, liaising ';>il. Plugging, Cost of Drilling, etc., 
tCtc.;, r‘rhT^. : lleflning. Transport, Storage and Testing (Tanks, Flow of Gas in Pipes, 
Pipe Lines, Pn^pmg, Hallway Cara, Tla»f..*l.s, etc., etc.). PAitr VJ, : Uses (Liquid Furl, Ah 
required, (bi ngmos, Fiatural Gas, Asphalt, etc.). Part VII, : Weights ami Measures 
(lilnghah and Foreign). Part Vllf : MiHceUir^^^u-oas. Part IX. ; Statistics (of FroduoitioH, 
Asphalt, Oil Siiale, Ozokerite, Xatural Gas), V 

" Excellent in every way . . . the tables and statlsties appear to be exactly 
those which will he ( ''most use.’ —EngiuMr. 
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Clvif Engineering .>acti(Sie. By F. Noel Taylor. 

PaKes and over 1,0(»0 Ihi^tratjons. Cloth, 25s. net. 

The Main Drainage^! Towns. By F. Noll I'aylok. 

With over H5(Plllustniti()ns. 12n Od. lu-t. 

Practical Sanitation : A Handbook for Sanitary iiispeoiors a»<' othcT’*’ 

IJy Gko. IlKii), J).P,n. Skvkntkkntii Ei»iti(>n, IhorouKhlv Ilovfiled. .« ' ** 

Sanitary Engineering. By Francis VVoon, A.M.lnk.C E. Tf’RD . 

Edition, llevised. Pp. i xv + kog. Ss. cd. net , 

Modern Methods of Sewage Purification. By (x. Bertram 

Kershaw Enj.;moer to the hewaue Cornnnssion. Eully llJnstrated 21&. net. 

The Principles of Sewage Disposal. By Prof, Dun ear ot Hamburg. 

TnuirilaL'd !iv IT T. C\j/ ’‘.irc, M.Sc. ir»s. net. 

Trade Waste Waters, fv H. Wilson, M.D., and H. T. Calvert, 

Ph.O Euil> lUnvtr: 1 Jut. 

Trades’ Waste; Cs treatment and Utilisation. By AV. Naylor, 

<#O..S., A.MIn..t( K. 21b net. 

Modern Destructor Bractiee. By W. r. (Joodrich, A.M.lnst.C.E. 

i’l*. i'V'l 27S L5, 

Refuse I'i^'posal. By Fruf. K. H. Matthews, A.M. Just.C.F. A^ery 

fully Iliustrali’iT. G.^ net. . 

Water Supply : Selection of Soun^es and Distribution. By Kecinald 
E. j'lIDDLKTON, M.lnst.O.E., M.Inst Meeh.E., I'.S.l. ( rown 8vu. Sfi Gd net 

Water Analysis for Sanitary and Technical Purposes.. ,Bj 

II. P. STuokH, ¥ l.C., ide 1-. Gd. wet ' 

Calcareous Cements : Their Nature*, Preparation, and UaeB. By 

GILREKT iUDGHAVK, AsSOC Inst O E., and CHAS. SI'ACKMAN, E.C.H. -EOoND EhlTIOIt 

15s. net.'* 

Handbook* for Cement Works Chemists. By P. B. tiATEiiouHi?, 

KC.S, i's. net 

Handbook Oik Town Planning. By .Itlian Julian, B.K. 5p.net. 

• Road Making and Maintenance. By Thus. Aitken, A.M.Inst.C.lJ^- 

SkuONdEdithlv Vnlly .Initiate 1. 21.s. net. ' 

Dustless Roads: Tar ‘Macadam. By J. AVai.rlr Smith. Fully 

llluatrated. lOs Gd. iiH. _ 

Central Electrical Stations : Their Dopign, Organisation, and Manage- 

ment 15y C. 11. WoRDiNUUAM, A.K.C., M.liist C.E. SKCOND EditU'N. 24s.net. 

Transformers. By Hermann Boulk, M.l. E E., and Prof. David 

Roukhtson. P. He. Pp. i xiV'f :5.5G Piofusely lllu4mted. -ils net. 

Eleetr:?al Photometry and Illumination. P>: Prof. Jl. 

Pp I \i 4 222 Profusely Illiistrited. lOs. Gd.ntt. ^ 

Electricity Meters. By Henry G. Solomon, ApSoc.M.Inst.E.E, In'" 

Me dium Pvo, Handsoiin' Cloth. ProfUBLdy Tllustrated. IGs. luit. 

Gas Manufacture (The Chemistry of). By W. J. a. Butterfield, 

M.A., E.I.t'., B’.C.H. \Vith IllustratioiiB. Fourth EDlTroN, Revised, Vol. I., 
7s. Gd. net. Yol, TT., in pref.arafion 

The Calorific Power of Gas. By J. n. Ooste, F4.c., F.C.8. 

llUl.iitritod. (-■'.net. t i*. t it n t rx in 

Fuel : Gaseous, Liquid, aixd Solid. By J. H. Coste, F.I.C., and E. 

ANMIFAIP, F.f.c Gs net ^ r ^ x 

Smoke Abaie*nent. a :Maiuial for .\?Fnmfacturers. luppc^tors, 

EuKineers andotiievh Rv AV’J.ijan NioroLSON. FuT> Illustrated. Gb. nj^. 

Fire and Explosion Risks. The Detection, iTive.&tigati(^, «iim Pre. 

‘ veiition ot Fires and Evploftions. Ry Dv. HouWARTZ. Cloth. net. 

Milk: Its Production and Uses. 'V^ith Chapters on Dfiry Farming, 

The Diseases of Cattle, and on the Uyg^lue and Control of SuppJits. By EDWARD E. 
t ^«a[^^ILLOUGHDY. M.l)., D.P.n. Gs. net. , ,T* • 1 X 

Flesh Poods; With Methods for their Chemical, Microscopical, and 

BacterioloRical Examination. By C. AINSWORTH MlXOHELL^B.A-, F.I.C. Illus- 
trated 10b. Od. • , . , . T, ^ TTT T» Jl 

Foods* Their Composition and Analysis. By A. Wyi^tbr BLYTO* 
^r'c.S., F.C.S., and M. W. BLTTH, B.A,. B^O. Sixth EDiTioif, Thoroughly 
RavlBed. I , 
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In Large 8vo. Cloth. Pp. i-'xxiii + 271. W'ith 147 IlIusAatioiiB. " 
'>15s. net.'** 

A MA'kcTAL OF 

THE PRINCIPLES OF SEWAGE TREATMENT. 

By Prof. DUNBAR, Diicctoiv'f the Institute of State Hygiene, HamParg, 

KxNglish ICdition hy HARRY T. (’ALV^ERT;' M.Sc.^! Ph.D., F.l.C., 
Chief Cliemieal A‘ssiKtaut, tVe&t Jtkliii}; of Vorly^hiiy Rivers Board, 
r AimiuoFi) CoNTiuNTS.— -Historical Development ofthe^R:\vaoe Problem, — Growth 
of River Pollution.— LeiJial Measures of Central and Local Authoni ies.-^Rise and Develop- 
ment of Methods of Sewaj^i- Treatment. — F.arlier Views, their ObjeeLand Utility. PRESENT 
PosrryoN <if Sewacie 'ruiUTMKNT. — The Charactenaties of Si>\va«o. — Objects of iTe- 
cipitation Works. — l>esinption for the Removal of Suspended Matters. — Methods for the 
Removal of Piitreseihility. — The Disinfection of Sewage.— Supervision and Inspection 
of Sewage^^llisposal Works. — The Utility and Cost of the various Methods of Sowago 
Treatment.— 1 N 1 'EX . 

" tVe lu'artily l onimend the book as a peeuliarly fair and imitartial statement of the 
present po.sition of the sewage pruhlem.”— Lflrncct. 

In ISIedium 8vo. Cloth Pp. i-xiii + 006. With Tables, Illustrations 
in the Text, and Plates. ‘21s. net. 

MODERN METHODS OP ^ 

SEIWAGE ^PURIFICATION. 

A Guide for the Designing and Maintenance of Sewage Purification Works. 

r>y (b JiLKTRAM KEU8IIAW, RR.S.L, RB.M S., F.Ii.S., etc., 

Emnnecr to (lie Royal (’oinmission on Sewage Ih^posal. 

Contexts. — introduction — Historical — Conaervancy Molhoda, Ac — Sewerage 
Systems. — Rainfall, Storm Water. — Variations in Flow of Sewage.- - Clasmlleation and 
Con JioHitiou of Sewagea, — Considerations to he observed m selecting tlie Site for Sewage 
Disi'O.'Svl Works. — Pndimlnary rrocesse..s.- - Dispoaal of Sludge,— J.and Treatment of 
Sewage.- (’onlact Bids. — PoreoUtiug Filters. -—Trades’ Wastes.— Mlsoi'llancous. — Pre- 
cipitation Works in .Actual Ciperatmn. — iNorx. 

“ A large and eompiehensive work . . . repUle with uiforniuli m.'’— Journal 

Royal Saailai'n 1 natituU'. 

Large 8\u. Handsomo Cloth. Pn<x IGa. net. 

^ FIRE AND EXPLOSION RISKS; 

A Handbook of ihe Oofoci;on, Jtwcsticfatinn, and Pnnnntion oj Fires and Explosions 

By Dr. VON SCHWARTZ, 

'I'laii.slate.l from the Rcvi.^ed Cennau Bduion by (L T. C. S ALTER. 
AmiiixiEh Gf%i:k\l CoNTIAT> Flies and Fxpt.siona of a (.ener.d ('iiaraetei - 
Daiigeis ari^-ing Hoiu Source'' of iaebt and Heat — l)ingerou.s Oa.sts. - Bi^K‘' VUending 
Special liulu.strjes — Mat-TiaK Emplo\e<J — Agi leullii'anh-oduets — Knis, Oils, and 
T .sins OiK and Tai —Alcohol, Ac.- Metals, Oxides, Acids, Ax, -Lightning 

ignitio.. Anplianees. Fueworks. 

‘*Tiie woik atnmL F wt.ilih of mfovniation on Uic ehen'i ti*x oi fire "ml kindred 
tollies.’’- and 

“ A comjilete and useful siiivcy of a subject of wde inleicsb and vital imiiortance. - 
Oil and Odounnan's Journal. 


In HandsoiCs Cloth. Pp. i-xiii-}25G. With 59 Illustrations, fis. net. 

SIVEOKJB A:e*ATE]VL£NT. 

A Manual for the Use of Manufacturers, Inspectors, Medical Officers of 
Engineers, and Others. '*-■ 

, wa . Bt william NidHOLSON, 

'V Chief Smoke Inspoctcr* to the Sheffield Corporation 
“ We welcome such an adequate rMtement on -,11 important subject ," — British 

Medical Journal. ^ ^ f ^ 

See also- - 

TUV: M4®N DRAIN VUE OF TOWNS, . . . paged. 

REFU Sir DISPOSAL, . . ^ „ <>• 

/.ND MODERN TH5STRUCTOR PP.A^J TKBj:, . . ^ 

lONDON : CHARLES QRIFFI^ & CO.^ LTD., EXETER STaEET, STRAND. 
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Sbcm>nd Edition. In Larg9 Suo. JS^ndsomti Cloth, * 

JUuitrated. With Plates and Fifuks in tlm Text, BU, net, 

EOAB MAKIWu AHD MAlNTENANCt 

• A Practical Treah ' for Engineers, ^uru^o. s, and Others, 

' By Tx os. ^TKEN, M.Inst.O.E., 

Jleinber of the AsBOoiation (i/tfunicipal and Oonnty Engineers; Member of the^anitary^ 
Inst ;§8urveyor to the Oonnty Oouncil of Fife Cupar Division. ^ 

CONTENTS. -HIstoricjii Rketch.-Kesistancc of Tiytiou.- Uying oiit 
Earthworks, Drainage, and lletaiinng Walls.— Itoad Materials, 

—Stone Breaking arid Haulage.— lload-llollmg and Kont W-ivs ^ 

New and the Maintenance of existing Hoads.— Carriage ays and boot > ays. 

■•The l,il,er»ry ..yle .» ^ 


^ In Handsomu aoth. Fully IllmtraUd, lOs. U. net. 

TjUSTi^ESS ROAI>S. 

TArE MACADAM. 

13 Y ■! - A Ij !K. E n S AI 1 1 H , 

City Engineer, Ediubnrgli. 

C«»T.KT8. -Neeesslw for Iu,pn«_od 

Kl -Stali.t.ic8'-Tar HKW..B oi <>ni™nry M»r.dam Burf.ces -^'.'‘'‘'*'''“"■7/™“.;; , 
■•lire hook is id every respeet up-to-djte pd very rnitgestrve. It U praot.eal iB 
thebeBtscBSiyrf the term.”— CoKitf!/ oixi Mumcipai Jiuad. ^ 

lu Crown 8V0* Cloth. Pp.i-xi+ n7 W,th 2.'illl«st,uti.>ns.CoUnirc.dM«p,anla 
Chart. 4s Gd. net. 

MODERN POAD CONSTRUCTION.. 

A Practical Treatise for the Use of Engineers, Students, 

Members of Local Authorities, &c. 

By FRANCIS WOOD, M.IiiRt.C.E., F'.G.S. 

In Crown 8 V 0 . Cloth, I>p. l-v.l + 14». With IlluBtn.'.ou8. 5>. not. 

an introduction to # 

town p 1 -iaNnino. 


Coin;ESTS..-.tach'^ Town riMning^ M«ljgval^_««^^^ 

AutboriticB and Tour.— Am;sBK!I!S.l-Hirasx. 

the Wopamtron of Town mne.-V I<>™ 

eo awr. . a^Jalnuhle additi.m ^tho iowu Planner 

library.*’— -SflfWiynr. 3- 
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TEC h¥qL^ 0 1 C A L ' W O R*K S. 

Oktrlatn tor Englnom uiO Mamriocturo^ By U. Bmunt, F.LC., and A. O. Bloxah, 

ial.C. Vol. 1.— ^iEooND Edition, 148. Vol. U.~seoond Edition, 36b. 

OHi, Fati, Butters, and Waxes. By Alder Wrioht and Mitchell. Seoonb Edition. 

26s. net. # ^ 

Oils, Resins, and Paints (Analysis aifti Valuation). By Harry Ingle, D.Sc. nct.^'is. 6d. 
Physico-Chemical Tables, By J. Casteij.-E?an3 T<1.C. Vol. I.— Chemical Engineering, 
248. Of t. Vol. IJ. — Physical and Analytical Chcmifltry^'JOs. net. 

Quantitative Inorganic Analysis. By Dr. J. \V. Mellor. 30#: net. | 

Water Analysis for San. and Tech. Purposes. By If. B. Stocks. 4^. Gs. not. 

Methods of Air Analysis. By J S. Haldane, M.J)., LL.D. l’.R,8. 5s. net 
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Industry .—Raw Finre Markets and Purchase of Mat«-wal3.— Stoiing and Preliminary 
Oper:’.tk')>3 of Botching, Softening, Rmfing, Breaking, anti Cuttuig.— Tlackling by IJand 
and Jdacliine, 0o3t and Speul of Machining. — Sorting, uisd Management- of Hackling 
Dept. — Prei,vinn„ Departmeot. —Sliver Format ion. --row (’ardmg and Mixing — ^Pre- 
paring, Draw’ng and ifouhhng, and Tow Combing— GiU Spinning.— Rope Yam. — Blndeff 
Twine. — 'I’rawl Twine and Shoe Threads.- -Tiie Flax, Henu), ^iite, and Ramie Roving 
Frame - I 'ry and Demy-See Spinning of Flax, Hemp, Jnte, an<l l^imie. — The W'^t Spinning 
of Flax, Hemp, nd Ramie Yarn*^ — Flax.*Hemp, .Tute, and Ramie \Ynste Spinning, — 
Yam Rve! mg, Wi«Kimg Drying, Cooling, an* BundMng. — Manufacture oFl’lircads, Twines, 
a’-.'I Cords. — Hope Making. — Weight of Ropes.— Mr clianical Dejiartment : llepnirs,— 
Fluting. — ITaokle-Settiug. — ^Wood Turning. — OUs and Oiling.— Mill Construction ; 
Heating Lighting. Ventilation, and Humidifffiiirfmn. — Boilers, EnginSP. etc. — Power 
Transmisaion^i^mLX. • ^ ^ ^ 

* The yvHODE suiUEOT is KxiiADKTr'BLY AND AWLY DEALT WITH b yw^M ^Caiter. aii^ 
thoTet-terprc'.-' is illustrated by an abundanob OF excellent rLAipr . . . Tbo 
bo^ is TUB WORK OF A TtotiNiOAL EXPERT, w^ can put his knowledge i|t,o plain English, 
ajF it iB WORTH the att%stion or all 4|nctencd with the industries treated oV'-^Ths 
Dyer and Calico Printer. 
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ji CHASLECfORIFFlN *|c7Q,‘S PVBLf CATIONS. 

A TEXt-BOOW iOF BHVSKSS. 

By J. H. PpTWr/^O, Sc.D., P-B-S., 

7^‘ofessor of Phyaics,'^ iJirmiiigbam tbiiversity, 

And* Sir J. J. THOMSON, O.M., M.A., 

ProtesBor of Experimental Phyalcs in the rnlvereity of Cambridge, 

In Five Volumes. Laige 8vo. Sold Separately. 

Introductory Volume. Fiyth Edition, Eevised. f FuUy Illustrated, 

10s. 6d. 

PROPERTIES OP MATTER. 

OONTKNTS. — ■ Gravitation. — The Acceleration of Gravity, — Elasticity. — Strosses and 
Strains.— I’orsion.—Bending of Hods.— Spiral Springs —C.olliBiou.—CompresHiblUty of 
LiQulds.— Pressures and Volumes of Gases —Thermal Effects Acconipanying Strain - 
Oapillarity.— 8upf-,oe Tension.— Laplace's Theory of Capillarity —iJiffusiou of Liquid i — 
Dlunsion of Gasbt.— Viscosity of LiquldB.~lKnBX. 

** We regaril this book as quite IndispetiBable not merely to teachers but to piiysicists of every 
grade above the low«Bt.’‘—l.*nii*er«Wtf CorretpondeiU. 

■ 

Volume II. Sixth Edition. Fully Illustrated. Price 8s. 6d. 

S O XJ N I>. J 

OoHTKKis.— The Nature of Sound and Its chief CharacterlHU^i^>^%ho Velocity of Nound 
In Air and other Media.— Kefl« otlon and Bofraction of Sound.*MPrcQuency and Pitch of 
Notes.— HeBonance and Forced OsclllatlonB —Analysis of Vlbwtions.— The Transversa 
ytbrations of Stretched Strings or Wires —Pipes and other Air Cavities.— Rods.— Platoi, 
—Membranes. — Vibrations maintained by Heat.— Sensitive Flames and Jets.- Mualc-e’.' 
Sand.— The Superposition of Waves - Ihoi x 

“ The work . , . may be recommended to anyone desirous of posHesslng an bast 
up'TO'DATJc Standard Tbkatisk on Acoustics.”— Atferaftir<. 

Volume^!TI, Fourth Edition, Revised. Fully Illustrated. Price 15s. 

H S A T. 

Contents. — Teinperatuie. — Expansion of Solids —Li(juldS. — Oases. — Ci- ‘ulution 
and Convection.— Quantity of Heat; Siieciflc Heat.— Conductivity.— Torms of Energy; 
Conservation ; Meciianical Equivalent of Heat. — The Kinetic .. lieury —Change of State , 
Liquid, Vapour. — Critical Points — Solids and Liquids.— A tmosphc ic Conditions.— 
i __ •’lation —Theory of Excliangos. — Radiation and Teniperature.— Thermodynamics.— 
IsolTluual and Adlaiiatic Changes. — Thermodynaniics of Changes of State, and Solu- 
tions.- Therniodynanncs of Radiation.— Index 

“Well up-to-date, and extremely clear and exact throughout. ... As clear as 
would be possible to make such a text-book ’’—Natrtre. 


Volume IV. In TI'hree Parts — Two Bound Volumes. 

ELsPCTRICITY & MAGNETISM. 

PARTS I- II. In Cloth. Pp. i-xiv -h ‘2-lC. Price 10.^ LI. 

STATIC ELJE6tRICITY AND MAGNETISM. 

Contents. — Common Phenomena. — Quantity of ElectriflcatLon. — “ Inverse Square " 
Systems. — Electric Strain produced in a Field. — Force on a Small Charged Body in tho 
Field. — Potential, — Energy in Electrified Systems. — Mca-iuring Potential and Capacity, 
— Dielectric, Specific Inductive Capacity, Residual Effects. — Spec Ind. Capacity and 
Befractive Index.—^’^trcss in Dielectric. — Alteration in Dielectric under Strain. — Pyro» 
and Piezo-elecU ,ity.— Magnetic Actions.— Molecular Hypothesis of Mamets. — Magnet# 
other than Iron. — Inverse Square Law.-— Magnetic Fields. — Induced Magnetism. — 
Permeability.— Measurements of Susceptibility and Permeability.— Terrestrial Magnetism, 
— Magnetism '.iy^d Light.— Index. o 

"JThe 8ti;vlont of Phy‘»ics has f.;,.y*to know of its ex-etence and its »'’*^hoTB in order to 
possl^ jt ** Times. ^ 

^ PART III. — Is in the Press. 

VOLUME V. Xa X Ci- Xi T— la in 'Preparation, 
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